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3. It occupies less space than the Ayrton-Perry form. & 


The instrument has a very nearly uniform scale, obtained * 
by properly proportioning the coils. 


It may be used as a mutual inductance. 


It has a good ratio of maximum to minimum induc- E 
tance (about g to I) and also has as high a time constant i 
as is consistent with good design and moderate size. : 
The instrument is fully described in Bulletin No. 152, a 4 | 
copy of which will be sent upon request. > 
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PHYSICAL REVIEW. 


ON ELECTROMAGNETIC INDUCTION AND RELATIVE 
MOTION.—IL.! 


By S. J. BARNETT. 


§ 1. If a cylindrical condenser is placed in a uniform magnetic field 
with lines of induction parallel to its axis, and is short-circuited and 
rotated, together with the short-circuiting wire, about this axis, it becomes 
charged to a potential difference equal to the motional electromotive 
force in the wire, or the rate at which the wire cuts magnetic flux. If, 
however, the condenser and wire are fixed and the agent producing the 
magnetic field rotates, the relative motion being the same as before, the 
condenser does not become charged, as was proved by precise experiments 
in 1912.2. This is the first case in electromagnetic induction in which 
the observed effect does not depend entirely on the relativity of the 
motion. 

Without, however, the introduction of hypotheses unproven by experi- 
ment it does not seem possible to determine from the experiments on 
rotation what would happen in the case of translatory motion, or to 
obtain from them an answer to the question of the existence of the 
ether. The present investigation was undertaken with the hope of 
shedding some light upon these problems. 

§ 2. It will be conducive to clearness to 
begin by considering briefly two familiar ex- A b6 
periments made long ago by Faraday. 

1. If a circular cylindrical magnet A, Fig. Fig. 1. 
I, is moved along its axis AB while an adja- 
cent coaxial circular loop of wire B remains fixed to the earth, a certain 
electric charge g will cross every section of B for a given displacement 
of A, and a corresponding change of magnetic flux through B. 


1A paper presented to the American Physical Society, December, 1917. A brief account 
of the investigation was published in the Proceedings of the National Academy of Sciences, 
4, P- 49, 1918. 

2S. J. Barnett, Puys. REV., 35, p. 323, 1912. 
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2. If now A remains fixed to the earth and B is displaced, the relative 
motion of A and B being the same as before, exactly the same charge q 
will circulate around B. 

Essentially these experiments are quoted by Einstein! in his classical 
paper of 1905 on the principle of relativity. The equality of the charges 
in the two cases is necessary if the principle is valid. As Einstein 
points out, however, this is not a sufficient condition. If the ether does 
not exist, nothing electrical (aside from secondary effects) occurs in the 
region around AB, and the complete phenomena in the two experiments 
are identical. If the ether exists, however, nothing electrical happens in 
the region around AB in (2); but in (1) the whole region, while the motion 
is in progress, is filled with circular lines of electric displacement centered 
on the axis AB. The experiments, measuring only the charges traversing 
the conductor B, do not serve to discriminate between the two hypotheses. 

§ 3. The object of the investigation described here is to make this 
discrimination, if possible, by experiments of a different kind, use being 
made of a parallel plate condenser and a magnetic arrangement analogous 
to the electric guard ring. 

§ 4. If an air condenser, Fig. 2, with horizontal plates AB, short- 
circuited by a wire C and placed in a uniform magnetic field whose lines 
of induction are parallel to the plates, 
is moved, together with the short-cir- 


A 
N -£ Es] S cuiting wire, parallel to the plates 
and perpendicular to the lines of in- 
duction, it will become charged to a 
Fig. 2. potential difference V equal in mag- 


nitude and opposite in direction to 
the motional electromotive force E in the wire, the charges (provided 
edge effects are negligible) being restricted to the opposing faces of the 
condenser. 

If the magnet moves while the condenser and wire remain fixed, the 
relative motion being the same as before, the charges and their distribu- 
tion will depend on the hypothesis made with respect to the ether. 
If the ether does not exist, the signs and distribution of the charges will 
be the same as before. If the ether exists, the induced electromotive 
force in the ether will be equal to that in the wire and will just balance 
the potential difference, so that there will be no charges on the opposing 
faces of the condenser. The electromotive forces in the ether outside 
the plates, however, will produce charges on the outer surfaces, the sign 
of the charge of each plate being the same as before and its magnitude 

1A, Einstein, Ann. d. Phys., 17, p. 891, 1905. 
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depending on the extent of the plates. If the plates are infinite in both 
directions, the charges will be equal to those in the other experiment on 
the inner faces, likewise now supposed infinite. 

§ 5. It is not practicable (unless, perhaps, with quite extraordinary 
facilities) to make motional experiments with a small condenser of minute 
capacity charged to a very small potential difference unless the condenser 
and measuring system are enclosed within a metallic screen. Suppose 
therefore the condenser AB placed symmetrically within a metallic box 
D, Fig. 3, with faces parallel and perpendicular to those of the condenser 
plates, the condenser being short-circuited as before, and one of the 
plates (the upper one in the figure) being connected to the box as by 
the wire F. 

If the box and condenser move together in the magnetic field, the plates 
will become charged, but the charge on the lower face of each plate will 
be equal and opposite to the charge on the upper face of the same plate. 
If during the motion the lower plate is removed and tested for total 
charge, it will thus be found uncharged. 

If the box and condenser remain fixed and the magnet is moved, the 
charges will be exactly as before on the hypothesis that there is no ether. 
If the ether exists, however, the induced electromotive forces in the ether 
will everywhere be equal and opposite to the poten- 
tial differences produced by the induced electromo- A__|F 
tive forces in the conductors, and the plates will be 
without charge on either side. The test of the lower | GQ 
plate for total charge will thus give the same result 
as before, and the experiment will not discriminate Fig. 3. 
between the two hypotheses. 

§ 6. Imagine the region below the plane of the inner surface of the 
iower plate B to be filled with a medium of zero permeability. In this 
case the magnetic induction will be confined to the region above this 
plane. If the condenser moves, the lower plate will become charged, 
and on its upper surface only (a statement true whether the enclosing 
screen is present or not), as in § 4. 

§ 7. If, with the arrangement of § 6, the condenser and wire (together 
with the screen, if present) remain fixed, and the magnet is moved, the 
relative motion being the same as before, the results will be different 
according to the hypothesis made with reference to the ether. 

(1) If there is no ether, and the principle of relativity is valid, the con- 
denser will become charged exactly as in § 6. 

(2) If the ether exists, the electric intensity produced by the motion 
of the tubes of induction in the ether between the condenser plates will 
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be equal and opposite to the field intensity there due to the potential 
difference produced by the electromotive force induced in the short- 
circuiting wire, and there will be no charge on the lower condenser plate. 

If a medium of zero permeability could be obtained, and if it were an 
insulator, it would thus be possible to discriminate experimentally be- 
tween the two hypotheses. 

§ 8. As such a medium does not exist, I have attempted to produce 
an arrangement equivalent to that of § 7, so far the effect under investi- 
gation is concerned, by using an artifice analogous to the electric guard 
ring. 

In the experimental arrangement two similar electromagnets were 
used, and will be referred to as the upper and lower, or moving and fixed 
magnets. The coils of these two magnets were connected in series. The 
four poles were all alike, each being a rectangular parallelepiped with 
the largest sides horizontal and parallel to the condenser plates. The 
lower magnet was fixed to the condenser and the floor; the upper magnet 
formed the bob of a huge pendulum, swung from the ceiling, and could 
be given translatory motion parallel to the plates of the condenser when 
in its lowest position. When the upper magnet was in this position, the 
upper surface of the lower condenser plate was symmetrically located with 
reference to all the poles and the other parts of the magnets, and the 
approximately uniform field containing the condenser and box was divided 
into two parts, an approximately fixed field beneath the plane of the 
upper surface of the lower plate, and a field whose tubes of induction 
were moving approximately with the speed of the upper magnet above 
this plane. The fixed field is equivalent to a medium of zero permea- 
bility; the induced electromotive forces were thus restricted to the same 
region as in the imaginary experiments of §§ 6 and 7. 


EARTHS, 


Fig. 4. 


§ 9. Fig. 4 is a diagram of the apparatus used in measuring the charge 
upon the lower plate of the condenser, and shows the relation of the 
condenser to the moving and fixed poles. 
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The condenser, the keys 3, 2, z, the electrometer, and the connecting 
wires were all contained within a practically complete electric screen 
CDE of brass tubing and very thin sheet brass. The condenser, the 
box C, and the poles are drawn approximately to scale. 

The key 4, outside the electric screen, was closed during the principal 
experiment, and open during the calibration experiment. The rest of 
the measuring apparatus outside the enclosure was used only in the 
calibration experiment. Aside from the connecting wires it consisted of 
a dry cell F, a reversing switch 5, and a resistance box R containing 
10,000 ohms, and having a contact arm P, by means of which 1/30 (or 
other fraction) of the potential difference between the battery terminals 
could be applied between the condenser plate A and the case and parts 
of the system connected thereto. 

§10. In making the principal experiment keys 3 and 4 were kept closed, 
keys z and 5 were kept open, and key 2, which was opened automatically 
by the upper magnet at the instant at which it passed through its lowest 
position, was initially closed. With the magnetic field directed to the 
right (or west) and the moving magnet fixed in its uppermost position, 
to the north of the condenser, the zero reading of the electrometer was 
taken. Then the magnet was released, and the electrometer reading 
again taken after the magnet had come to rest in a position slightly below 
its initial position. The deflection W was determined. Then key 2 
was closed, the magnet raised a few cm. to its initial position, the magnetic 
field reversed (directed to the east), and the magnet swung and the read- 
ings taken as before. This gave the deflection E. The double deflection 
W — E was the quantity sought. 

The calibration experiments determined a double deflection d equal 
to the difference d’ — d”’ of two deflections d’ and d” as follows: The 
deflection d’ is that which would be produced by charging the condenser 
AB to the electromotive force E of § 4, plate A, disconnected from the 
case for the purpose, being positive, and then insulating plate B, already 
connected with the electrometer, and immediately afterward connecting 
A tothecase. The deflection d” is that which would be produced in the 
same way, but with the condenser oppositely charged. 

The two experiments together determined the ratio of W — E to d, 
which, except for extraneous effects, should be unity according to 
hypothesis (1), § 7, and zero according to hypothesis (2). 

§ 11. The question naturally arises as to what would happen, on each 
of the two hypotheses, if the upper magnet were left fixed and the lower 
magnet, condenser, and screen were to move, the relative motion being 
the same as before. 
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To make the conditions definite, assume the magnetic field in Fig. 4 
to be directed to the right, and assume the motion to be directed per- 
pendicularly up out of the paper. To simplify the discussion assume the 
lower surface of the condenser box to be near the lower condenser plate, 
just as the upper surface is near the upper plate. 

If the ether does not exist, the state of things inside the screen is 
exactly the same as when the upper magnet was the one to move. The 
lower plate is charged negatively. 

If the ether exists, the induced intensities in the metals, and the 
field intensities due to them, are exactly the same as in the other case; 
but there is also induced in the (fixed) ether below the plane of the 
upper surface of the lower plate an intensity equal and opposite to that 
induced in the metals above this plane, and equal to the field intensity 
between the plates. The upper surface of the lower plate has a negative 
charge, and its lower surface has an equal positive charge. The total 
charge on the plate is thus zero, as in § 7, but the actual state of things 
is quite different, as in § 7 there was no charge on either side of this plate. 

If the experiment considered in this article, including the measure- 
ment of the charge on the lower condenser plate, could be made, it also 
would make possible the discrimination between the two hypotheses. 
The appearance of a charge on the lower plate would favor the hypothesis 
of noether. The failure of a charge to appear would favor the hypothesis 
of an ether. In the first event the effect would be exactly the same for 
both experiments, as required by the principle of relativity. In the 
second event, with no charges upon either side of the lower plate in one 
experiment, and equal and opposite charges on the two sides in the other, 
this principle would be invalidated. 

§ 12. To calculate the electromotive force E needed in the actual 
experiments for the determination of d, § 10, it was necessary to find 
(1) the mean magnetic induction B in the region occupied by the con- 
denser when the upper magnet was in motion and at the lowest point of 
its swing, (2) the distance / between the condenser plates, and (3) the 
velocity v of the upper magnet at the lowest point of its swing, inasmuch 


as 
E = Bl. (1) 


The methods used in obtaining these quantities and the results of the 
measurements are presented below. 

§ 13. To standardize the electrometer from time to time during the 
course of the work the following procedure was adopted. With key 3 
closed, keys 1, 2 and 4 were opened, and key 5 closed in the direction 
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to apply a known positive potential difference P from A through the 
electrometer to the case. The scale reading X’ of the electrometer was 
then obtained. Key 5 was then reversed, and the new scale reading X”’ 
obtained. The double deflection D = X”" — X’ was that due to the 


” 


reversal of the charge c+ cnn the electrometer, C’ denoting the ca- 


pacity of the condenser so far as it depends on the region between the 
plates, and C” the capacity of the electrometer and its connections. 
It is not difficult to show that the deflection d’ — d’” = d is the same 
as would be produced by making P = E in the experiment just described. 
Hence we have the relation d/D = E/P, or 


d= D5. (2) 


In the actual experiment for each calibration, a number of values of 
X’ and X” were obtained, the scale being read and key 5 immediately 
reversed at regular intervals. D was calculated from the means, the 
number of readings for one position of key 5 differing by unity from that 
for the other. In this way the drift of the electrometer was eliminated. 

§ 14. The plates A and B of the condenser, Fig. 4, were of brass, 
10.0 cm. wide, 16.9 cm. long, 1.6 mm. thick, and were ground flat on the 
surfaces facing one another. The upper plate was insulated from the 
top of the box C by ebonite posts, and the lower plate from the bottom 
by ebonite posts capped with amber. The plates were about 1.50 cm. 
apart. The wire W passed through the top of the box in a narrow 
ebonite tube. The box was made of well-seasoned white pine, and was 
lined with thin brass. Its inner dimensions were 11.5 cm. (height), 
14.7 cm. (breadth), and 21.1 cm. (length). 

§ 15. The electrometer was a modified Dolezalek instrument, for the 
use of which in this and earlier investigations I am indebted to the 
Carnegie Institution of Washington. In the preliminary part of the 
work the original quadrants were used together with a platinum suspen- 
sion and an excellent needle of thin mica covered with aluminum, which 
was made and kindly given me by my colleague, Professor C. Sheard. 
For all the final work the original quadrants were replaced by a much 
smaller set, and the suspension and needle were replaced by a platinum 
suspension and minute needle belonging to Professor Pegram’s small 
electrometer,! which he kindly loaned me for the investigation. In 
this arrangement the needle was very much quicker than in the other, 
and very much less affected by the fields of the electromagnets. The 
two arrangements did not differ greatly in effective sensitiveness. 


1G. B. Pegram, Puys. REV., 10, p. 591, I917. 


3 


, 

| 
J 
F 
A 
. 
| 
% 
a 
ti 


102 S. J. BARNETT. “4 


The insulation of the electrometer and all the keys and connections 
between it and the condenser was of amber. 

The electrometer box and the box D contained bottles of calcium 
chloride (or phosphorous pentoxide, which was used in D during a few 
experiments), and the box C was provided with a tube through which 
a stream of filtered air could be passed into the enclosure. In this way 
the dust and moisture could be largely removed from the enclosure, 
which was sealed with wax and rubber. 

§ 16. Keys 4 and 5 were ordinary commercial switches. Keys 7, 2 
and 3, which was not inserted until after the results given in Table I. 
were obtained, were special constructions with platinum contacts. The 
only one which calls for special comment is key 2. 

Key 2 was an extremely important part of the apparatus. A photo- 
graph! of this key nearly as it was used in making all but the final observa- 
tions given here is shown in Fig. 5. The parts of the key were mounted 
on a hard wood base covered with brass. The key was closed by a minute 
electromagnet, and opened by gravity and a brass spring. The key 
became open at the end of a very small interval of time after the circuit 
containing the coils of its magnet was interrupted. In most of the 
experiments this interval was about 2.7 X 107? second. It was inde- 
pendent of the current used in the coils of the key’s magnet, and inde- 
pendent of the magnetic field of the large electromagnets. 

This circuit was interrupted by a contact device, which will be desig- 
nated as key 6, mounted above the box D, but separated from it to avoid 
shock, and an arm and contact piece projecting from the moving 
magnet. Key 6 and the contact pieces, X, Y, Z, shown in Fig. 6, which 
is reproduced from a photograph, are discussed further below. The 
circuit was in general interrupted at the proper time to insure the opening 
of key 2 just as the upper magnet reached its central position above the 
lower magnet. Experiment gave the same result, however, when key 2 
was opened slightly before or after this instant. For the work of the 
last day on which observations were made, key 2 was completely sur- 
rounded with a’screen of thin brass soldered to the inside of the box D, 
except for a small opening through which the platinum contact wire 
protruded. With the exception of this wire, the insulated copper wire, 
and the iron of the electromagnet, all metallic parts of the key were made 
of brass. The tongue which carried the soft-iron armature and the plati- 
num wire was connected to the case by a short wire soldered at both ends. 

§ 17. The construction of key 6 is shown in Figs. 6 and 7. The contact 
lever A F was made of sheet steel and moved about a vertical axis when the 


1 For this and the other photographs I am indebted to Lieut. W. M. Holmes, U. S. A. 
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end A was given a lateral blow. At the end F a few mm. of the metal 
was turned up at right angles, and could be held in contact with one end of 
another lever BF, of sheet brass, also moving about a vertical axis and 
somewhat similar to AF, but with a lateral projection at F turned down- 
ward at right angles. The contact was 
maintained by the spring S until it was 
broken bya blow on A. Thespring then 
pulled the end F of the lever BF against 
a rubber stop G. When the magnet 
was to be operated on double swings, a 
friction brake E, Fig. 6, made of a bent 
strip of brass, was used to keep the 
lever AF from whirling round and com- 
ing into a position unfavorable for the 
return swing of the magnet, and a rub- 
ber stopper C, Fig. 7, was usually placed Fig. 7. 

in such a position as to make it impos- 

sible to open the key except by a blow on A in the direction of the 
first swing. This stop also made it much easier to set the key. It is not 
shown in Fig. 6. 

The contact at F closed the circuit through the coils D, Fig. 7, of the 
electromagnet of key 2, an ammeter M, a variable rheostat N, and a 
3-cell storage battery E. One of the terminals of the electromagnet was 
connected to the case while the principal experiments were in progress. 

§ 18. The time interval T between the instant at which the contact F 
of key 6 was broken and the instant at which key 2 became open was 
measured by the electrical method depending on the relation between 
the charge of a condenser, the constants of the circuit, and the time 
during which it is closed. 

In this method the condenser, whose capacity will be denoted by C, 
is first fully charged to the electromotive force between the terminals 
of a constant battery, and then discharged through a ballistic galvanom- 
eter, whose throw will be denoted by D. The condenser is then charged 
for the time T which is to be measured by the same battery connected 
through a non-inductive resistance R, and again discharged through the 
galvanometer, whose throw will be denoted by d. The interval T is 
then given by the equation 


D 
T = CR log, D—d . (3) 


The arrangement of the apparatus is shown in Fig. 7, that in the 
upper part of the figure having already been referred to in connection 
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with key 6. Q is the constant battery, consisting of a few dry cells 
in series; R a standard resistance box; P a piece of sheet brass wrapped 
and tied on one end of a stout ebonite rod serving as an insulating handle 
by means of which P could be driven swiftly against A; z and 2 are the 
electrometer keys, the former permanently closed, the latter closed until 
the interval T has elapsed after the contact F was broken; H a standard 
microfarad mica condenser; G the ballistic galvanometer; and H a 
Kempe condenser key. 

In making an experiment to determine d the rubber stopper C, which 
was mounted excentrically on a vertical axis, was turned so that the 
lever AF could move through only a small angle after breaking contact. 
Then the two levers were brought together as in the figure, but with a 
contact line of only a fraction of a millimeter. Then the galvanometer 
was read, and the lever J, previously in contact with J, was thrown into 
contact with K, and P driven swiftly against A. Then J was thrown 
into contact with J, and the galvanometer again read. The stopper C 
compelled P to remain in contact with A until after the contact of key 2 
was broken. The deflection D was determined tn the same way, except 
that the contact F was left closed permanently and P was brought from 
above into continuous contact with A. 

The time T of key 2 as described here was determined repeatedly in 
the course of the work and ranged from 3.0 X 10~* seconds some time 
before the results of Table I. were obtained to 2.7 X 107% seconds shortly 
after the results of Table II. were obtained. The precaution of making 
the measurement with two values of R, usually 4,000 ohms and 8,000 
ohms, was always taken. 

§ 19. The poles of the large electromagnets, shown in Figs. 4 and 8, 
were all alike. Each was built of the same number of thin sheets of 
transformer iron and two (outer) sheets of soft steel 0.16 cm. thick, 
which were riveted together in a special clamp. Each pole was 33.0 
cm. long, 9.9 cm. wide, and about 5.2 cm. thick. From the nature of 
the material and the method of construction it is obvious that a strictly 
uniform thickness (perpendicular to the iron sheets) could not be ob- 
tained. The bases of the two magnets were cast from the same pattern, 
and of low carbon steel, at the same foundry, but at different times. 
The cores were cylindrical rods 37 cm. in length and 10 cm. in diameter. 
They were just alike in the two magnets, but the two rods in each 
magnet were not exactly alike. 

The coil systems of the two magnets also were almost precisely alike. 
They were intended to be exactly alike, and their resistances did not 
differ by more than one part in 300. 
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The parts of the two magnets were made very nearly symmetrical 
about the upper surface of the lower condenser plate, Fig. 4. The upper 
magnet was provided with iron rods at its base for raising, lowering, and 
holding it, and the lower magnet was provided with iron screws and plates 
for leveling, so that symmetry could not be exact. Symmetry of the 
magnetic fields could be made practically perfect by moving the coils 
of one magnet or the other slightly up or down. 

The vertical distance between the poles of the upper and lower magnets 
when nearest together was about I.1 cm. 

§ 20. The lower magnet was mounted on a cement base at the bottom 
of a large hole cut out of the floor of the laboratory, as seen in Fig. 8; 
and the upper magnet was swung from heavy rafters in the ceiling by 
four parallel wooden beams of the same length, hinged above and below. 
Each of these beams was about 290 cm. long, 9 cm. wide, and 4 cm. thick. 
As the figure shows, the arrangement was such that the magnet always 
had practically pure translatory motjon, the poles always remaining 
horizontal. 

§ 21. The arrangements for controlling the motion of the magnet are 
shown at the right and left in Fig. 8. By a differential chain and pulley 
system the magnet was pulled up until it could be held near the north 
wall (on the right in the figure) by raising the iron hook H and loosening 
the chain; then the pulley was removed from the magnet. 

The magnet could be given either single or double swings. For a 
single swing the magnet was caught by a stop fastened to a heavy wooden 
frame near the south wall (on the left in the figure). This stop consisted 
of an iron rod J with a properly shaped nut K adjustable on the lower 
end, which was threaded. The stop was held in position by springs 
until the arrival of the magnet, which pushed it downward and went 
over the nut. The rod and nut were then pulled up by the springs and 
held the magnet at rest. To swing the magnet in the opposite direction, 
the rod J was pulled down quickly, and the magnet was caught near the 
north wall by a stop L similar to that at the south wall. To set the 
magnet for the next swing, it was only necessary to pull it up the short 
distance from the stop to the hook H, and then remove the chain and 
pulley system as before. 

To give the magnet a double swing, the springs on the stop at the 
south wall were disconnected at their upper ends, thus letting the stop 
JK fall. The magnet was released from the north wall as before and, 
without being caught at the south wall, returned and was caught by the 
stop L at the north wall. In most of the motional experiments double 
swings were used. 
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§ 22. If the magnet falls through a vertical distance h in passing from 
the hook H to its lowest position, if g denotes the acceleration of gravity, 
and if m and M denote the mass of the suspending rods and the mass of 
the suspended magnet, respectively, the velocity v of the magnet at the 
center of its path can readily be shown to be given, with great precision, 


by the equation 
Im 1f/m \? 


provided no energy is dissipated and gravity is the only force acting. 

The actual vertical distance fallen through by the magnet in passing 
from the hook H to its lowest position was 75.6 cm. When on the 
stop at the north wall it was 4.2 cm. lower than when on H. Hence the 
effective distance fallen through was 


h = 75.6 — 4 X 4.2 = 74.5 cm. 


When the magnet swings with current in the coils the upper and 
lower poles repel one another and the speed at the lowest point is some- 
what reduced. A direct measurement of this speed was not made. 
That it was very nearly equal to the speed when the magnets were not 
excited is proved by the fact that the period of a complete swing of the 
magnet, which was somewhat over 3 seconds, was found to be the same, 
to 0.1 second, with and without current in the coils. In view of the 
magnitude of the accidental error it was therefore considered sufficient 
to take as correct the speed calculated for the case of no current. 

The mass m was 68.5 Ibs., and the mass M was 384 lbs. Hence we have 


2 1/2 . 
v= {2 x 980 74.5| 1 | = (5) 

§ 23. The magnetic fluxes and flux-densities were measured by means 
of a properly standardized Grassot fluxmeter and a test coil of 78 turns 
wound nearly uniformly on a wooden parallepiped of very nearly the 
shape and size of the region between the condenser plates. The mean 
breadth of the coil was 1.41 cm., and its length 16.9cm. A rougher coil 
was used for approximate results in the early part of the work. 

§ 24. It was of great importance that the fields between the poles of 
the two magnets should be very nearly alike. To investigate this matter, 
the upper magnet was hung in its upper position, and the test coil, 
mounted in a suitable wooden frame, was supported symmetrically 
between its poles, first by pressing the frame down from above, and 
second by pressing it up from below. In each case the coil was almost 
central vertically, but was very slightly above the center in one case 
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and very slightly below in the other. For each position a number of 
fluxmeter readings were taken for a reversal of a current of 5.00 amperes 
in the coils of the magnets. 

Similar readings were taken with the coil mounted between the poles 
of the lower magnet. Preliminary tests with the rougher test coil had 
shown that the field of the lower magnet was slightly weaker than that 
of the upper, and to equalize them one of the coils of the lower magnet 
was raised and adjusted in height until no difference could be detected 
between the two fields. More precise work with the better test coil 
showed, as is evident from what follows, that the adjustment was as 
nearly perfect as could be desired: the precise tests gave a mean deflec- 
tion of 126.2 divisions in each case when the current was interrupted. 

§ 25. To determine the mean magnetic induction in the region occupied 
by the condenser at the instant at which key 2 was opened, several 
experiments were necessary. 

During each of these experiments the test coil was mounted between 
the condenser plates, and the box was closed and adjusted as in the 
principal experiments with the condenser in the normal position. 

In one of the experiments the two magnets were clamped together 
with the upper magnet in the central position, and the flux through the 
test coil was repeatedly determined with the fluxmeter alone in circuit 
with the coil when the electromagnet was traversed by a current of 5.00 
amperes. This gave, when the observations, made by breaking the 
circuit, were corrected by adding the slight residual flux when the 
current was zero, about 1.78 X 10° maxwells. Other tests showed that 
a 10 per cent. increase in the current increased the flux by nearly 5 per 
cent. 

When the magnets are together in the motional experiments, however, 
the currents and the flux through the test coil are greater than when they 
are at rest for a fixed electromotive force of the dynamo supplying the 
power, on account of the electromotive forces of induction in the coils 
of the electromagnets due to their relative motion and the crowding 
together of the tubes of induction of the two fields. It is the increased 
flux which is needed for the calculation of the motional electromotive 
force E of equation (1). 

To determine the fractional increase of the flux three experiments 
were needed. All were made with the fluxmeter shunted with a 2-ohm 
resistance coil, and with a 20-ohm resistance coil in series with the 
shunted fluxmeter and the test coil, the circuit being closed or opened 
through the contact of key 6. Such an arrangement was necessary in 
order to make the damping of the fluxmeter independent of the opening 
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and closing of the test coil circuit. The fluxmeter was read with lamp 
and scale. 

In the first experiment the upper magnet was held on the hook H 
and the double deflection of the fluxmeter read when a current of 5.00 
amperes was reversed in the coils of the magnets, key 6 being permanently 
closed. The mean deflection obtained was 20.05 cm. = D’. 

In the second experiment, with the same initial current in the coils, 
and key 6 initially closed, the deflection produced by releasing the upper 
magnet, which opened key 6 at or near the center of the motion, was 
determined. Measurements were made with the current alternately in 
opposite directions, and the mean double deflection was found to be 
18.72cm. = D’’. Insome of the experiments key 6 was opened precisely 
at the center of the motion, in others it was opened when the upper 
magnet was 1.4 cm. behind the center, but no difference was found. 
The magnitude of the induction was thus constant during the important 
part of the motion. 

In the third experiment the magnets were clamped together in the 
central position with key 6 permanently closed, and the fluxmeter double 
deflections were obtained when the same current as before was reversed in 
the coils of the electromagnets. The mean deflection was 35.6 cm. = D’”. 

From what precedes it follows that the flux through the test coil in 
the motional experiment for an initial current of 5.00 amperes in the 
20.05 + 18.72 

35-6 
maxwells, an increase of 8.9 per cent. due to the motion. This gives for 
B, in equation (1), 


coils of the electromagnets at rest was X 1.78 X 10° 


B = 1.04 X 108 maxwells/cm./’. (6) 


§ 26. In order to make the distortion of the field by eddy currents in 
the iron as small as possible the poles were laminated as stated in § 19. 
That eddy currents in the brass box were of no consequence follows from 
two considerations: In the first place the flux through the box was nearly 
stationary at the center of motion, as shown by the independence of D”, 
§ 25, of the instant at which key 6 was opened. In the second place, a 
special experiment showed that when two thicknesses of the brass used 
to line the box were withdrawn from between two adjacent coils, one 
connected to alternating current mains supplied by a generator with a 
frequency of about 62 cycles per second, and the other connected in 
series with an ammeter, no charge in the ammeter reading could be 
detected, while a change of 1 part in 640 could easily have been read. 
The fractional change of flux due to the motion, moreover, was meas- 
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ured roughly with the earlier test coil and with the box removed. The 
increase observed was 7.9 per cent., which agrees within the error of 
these rougher experiments with the 8.9 per cent. given above. 

§ 27. In some of the experiments the upper magnet, though it hung 
directly over the lower segmentically wben released and at rest, was 
deflected a number of millimeters to the west at the center of the motion. 
For the most precise experiments and some of the others care was taken 
to adjust the apparatus so that during the central part of the motion 
the lateral deviation was at least very minute—between nothing and 
about I mm. Special experiments, however, showed that the exact 
adjustment was of no consequence, the observed fractional change of 
the flux due to the motion not differing in the two cases by 1 part in 400, 
which is less than the error of the comparison. 

§ 28. After some experiments, of value chiefly in studying extraneous 
effects, made with dissimilar magnets before the similar magnets were 
available, a long series of observations on the effect in question was made 
with the apparatus now described. 

It was necessary to make the principal experiments, like the calibra- 
tion experiments, on a strict time schedule in order to eliminate drift. 
The general method is described above, § 10. Observations were almost 
always made in sets of twelve, with the direction of the field alternately 
W and E. In the early part of the work one complete observation 
was made each minute; later, one each two minutes. Ten seconds 
before the beginning of the minute, with the contact keys properly set, 
the current switch was closed (magnetic induction W). Ina few seconds 
the current reached its steady value, almost invariably made somewhat 
greater than 5.0 amperes. Five seconds before the minute the electrom- 
eter zero was read. Five seconds later, on the minute, the magnet 
was set free. Ten seconds after the minute the electrometer was again 
read. Then the apparatus was arranged for the next operation, with the 
magnetic induction E£, and so on. 

The results of the observations made on the first two days are con- 
tained in Table I. The first row gives the order in which the set of obser- 
vations was made; the second gives the position of the condenser, which 
was usually in the normal position, but in some cases was raised about 
1.5 cm., or lowered about 0.7 cm.; the third gives the mean of the 
six double deflections W — E, and the average departure from this mean, 
the positive sign being prefixed to the deflection when W — E has the 
direction of the double deflection to be expected with the condenser in 
the normal position on the hypothesis that the ether does not exist; 
and the last row gives the magnitude of the deflection denoted above 
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(§ 10) by d, calculated for the normal position of the condenser. This 

deflection would be reduced by raising the condenser, and would be 

zero if the condenser were completely submerged in the fixed field. 
The deflection d was calculated from the equation (2), § 13, viz., 


d=D 

For the experiments of this table P was 1/30 X 1.57 X 10° abvolt, and 
D ranged from 120 mm. to 166mm. _ Except in the case of two of these 
sets, for which the current in the electromagnets at rest was considerably 
above 5.00 amperes, and for which proper account was taken of the 
increased current, E, equation (1), was calculated on the assumption 
that this current was 5.00 amperes, so that the actual value of d was in 
general slightly greater than the value given here. From the data given 
above the value of E for this current is E = Bul = 1.04 X 108 X 388 
x 1.50 abvolt. Thus we have d = 0.115 D. 


TABLE I. 


Earlier Results. 


Number of Set. 2. | 3. | | 5. 6. | 7 
Position of con- | | | 

REPS Normal | Normal Normal | Below Below | Above Above 
Observed deflec- | | | | 

tion = W-—E | 

0.243) +1342 +06 -141 4341 414 

| 4.5] | +3 

Calculated deflec- 

tion =dinmm.| 14.4 13.9 14.7 15.1 15.1 16.1 20.0 

Number of Set. 8. 9. Io. | 33. 12, 13. | 
Position of con- 

a Above | Above | Normal | Normal | Normal | Normal 
Observed deflec- 

tion = W-—E 

| +241 +7242 | 4242 | +342 | +322 | +0.5242 
Calculated deflec- 

tion = din al 18.5 18.6 15.8 15.5 14.9 14.6 


§ 29. After the results of Table I. were obtained, the observations 


already referred to in §22, to determine whether the period of the 
pendulum depended on the current in the electromagnets were made. 
For the principal experiments, made with the current in the coils, the 
nut L was set at such a point on the rod M that the magnet on the 
return swing was caught with as little jar as practicable. As more 
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energy was dissipated in the course of a double swing with the current 
than without, the magnet was caught with a much more violent jar 
when swung without current unless the nut L was screwed up on the rod 
through one or one and one half complete turns. In these time experi- 
ments this was not done, so that an excessive amount of jar occurred 
during the swinging with no current. After these experiments were 
completed, it was found that the coils of the upper magnet had slipped 
down between 2 and 3 cm. on each side, thus making the magnet systems 
somewhat unsymmetrical. While it is probable that at least much of this 
slipping occurred after the experiments of Table I. were completed, this 
is not certain. The first experiments were made with the coils in the 
correct positions, but the others may have been made with the coils lower 
and lower. This would have essentially the same effect as gradually 
raising the level of the condenser farther and farther into the moving 
field, and cutting down the deflection d, calculated on the assumption 
of the normal position. 

§ 30. After these experiments were completed the coils were raised to 
their normal positions and blocked in place more securely. Also key 3 
was inserted between the condenser and key 2, and arrangements were 
made by which the condenser could be lowered entirely into the fixed field. 

Four sets with the condenser lowered into the fixed field then gave 


W — E =— 3.2 mm. + 2.2 mm., with d = 16.3 mm.; two sets with the 
condenser cut out by opening key 3 gave W — E = — 3.0+ 1.0 mm., 
with d = 17.4 mm.; and six sets with the condenser in the normal 
position gave W — E = — 1 mm. +3 mm., with d= 17.6 mm. The 


errors of the individual values of W — E were much greater than those 
of the means for the sets. 

Two days later it was found that a seam in the new tube leading from 
the box C to the box D had not been perfectly sealed. The small openings 
doubtless admitted moisture and, during the motion of the upper magnet 
in the neighborhood, dusty air. The seam was properly sealed, and nine 
gets of observations were then obtained. Eight of these sets with the 
condenser in the normal position, gave W — E = + 4.4 mm. + 1.6mm., 
with d = 23.3 mm.; and one set with the condenser cut out gave 
W-—E=+6 mm.+4 mm., with d = 23.1 mm. These sets were 
much superior to those obtained two days earlier, but inferior to those 
of Table I., obtained under much better conditions as to moisture and 
dust. 

§ 31. By overhauling the apparatus further attempts were made to 
get better observations, but at first without success. Finally a test 
of key 2 showed that it was certainly responsible for at least some of the 
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irregularities, and the apparatus was again overhauled. There was no 
visible sign that the key was not in as good order as when the first 
observations were obtained. Nevertheless, the bearings in which the 
bar carrying the armature moved were tightened, the spring was some- 
what tightened and soldered at one of its ends, the platinum contacts 
were polished and readjusted, and the key was screened as stated in 
§16. This was to avoid difficulty from the possible stirring up of residual 
dust in the enclosure, and to avoid possible induction effects from the 
coil of the electromagnet operating the key—although previous tests 
had shown that the reversal of the current in the coil had no effect on 
deflections obtained after operating the key. 

However this may be, the result was quite satisfactory, and a number 
of excellent sets of observations were obtained, all in one day. The 
results are given in Table II. The last three sets were not so good as the 
others, and from them a few wild deflections obviously due to extraneous 
disturbances had to be rejected. For these experiments P was 
1/30 X 1.60 X 10° abvolt, and E remained unchanged. 


TABLE II. 


Later Results. 


Time. | | ghzo™, | | rahzo™, 
18.85 | | 17.9 
State of condenser Normal Normal Normal Normal | Normal) Normal 
Observed deflec- | | | 
tion (mm.).... +442 +443, +5242 43242 | +2.6 | +542 
| +2 
Calculated deflec- | | | 
tion (mm.)... | 21.2 | 21.0 | 20.8 | 20.4 | 20.2 20.0 
Time. | 12%27™, abi5™, | | 350". | 4bgom. 4>48™. | 
D 17.5 | 22.3 | | 21.9 
State of condenser Normal 1™™- Out 
| | | high high low 
Observed deflec- | 
tion (mm.)..., +343 +343 +343 
Calculated deflec- | 4 
_ tion (mm.).... | 25.3 25.1 | 25.0 (24.9 


At the end of the third set it was found that the coils on one side of the 
upper magnet had slipped down a few millimeters. They were then 
blocked up securely in the normal position and remained so throughout 
the rest of the day. This slight displacement of the coils was of no con- 
sequence, as careful experiments showed that the flux through the test 
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coil placed centrally between the poles was increased by it only 1 part 
in 440. 

§ 32. The slight observed deflection, W — E, in the best work almost 
always persistently positive, is evidently extraneous, as it exists when 
the condenser is lowered into the fixed field, or cut out entirely by opening 
key 3. In neither of these cases should the condenser receive any charge 
on either theory from the effect under investigation. 

This extraneous effect, of about the same magnitude as the experi- 
mental error, might perhaps be considered purely accidental except for 
numerous observations made in the preliminary work with unsymmetrical 
magnets and the larger electrometer needle. The potential of this 
needle could be altered from positive to negative and vice versa without 
throwing the image off the scale and without altering the sensibility 
greatly. The residual effect always changed sign when the sign of the 
needle’s charge was altered. It persisted, as in the experiments quoted 
above, when the condenser was cut out entirely, and also when the 
lower magnet was removed, in which case the condenser could not be- 
come charged on either theory. It was reversed in sign with the reversal 
of the direction of swing when single swings were used, and its magnitude 
depended on the way in which key 2 was connected to the case, being 
least in the arrangement used in the experiments described above. 
All these things would indicate that it was due to electromagnetic 
induction in the almost non-inductive connections between key 2 or 
key 3 and the electrometer. Nevertheless, when key 2 was closed and 
key z open in the final arrangement, reversal of the current in the coils 
of the large electromagnets produced no temporary throw of the small 
needle—probably because the time constant of the magnet system was 
large and the damping of the needle was great. 

Although the screening of the condenser and electrometer system was 
thought to be nearly perfect, the possibility that the effect was electric 
was carefully investigated, also with the larger needle. 

In the first group of experiments the upper magnet was on the hook 
H and key 2 was opened. A set of twelve electrometer readings was 
taken with the field alternately W and E£, and the needle negative; 
then a similar set was taken but with the needle positive. The first set 
gave W — E = + 3.68 mm., the second W — E = + 3.66mm. Other- 
wise similar sets were then taken with the upper magnet lowered nearly 
to the fixed magnet. The two sets gave W — E = 3.64 mm. with the 
needle positive, and W — E = 3.74 mm. with the needle negative. 
In neither position of the upper magnet was there any appreciable 
difference between the observed effects for the two signs of the needle, 
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so that no electric effect was produced. The permanent deflections 
produced in these experiments were purely magnetic. The magnetic 
effects upon the small needle were, as stated above, very much smaller 
than those upon the larger needle, and were completely eliminated by the 
method of observation used in the motional experiments. 

As an extra precaution against electric disturbances, the upper portion 
of the lower coils and the lower portion of the upper coils were sur- 
rounded with thin sheet brass connected to the cores of the magnets 
and earthed. 

§ 33. Some of the irregularity in the electrometer deflections, but no 
systematic effect, was due to the disturbances produced by setting the 
magnet into motion. If any deflection of the electrometer needle occurs 
between the instant at which the zero is read and the instant at which 
the system is insulated by the opening of key 2 on the passage of the 
magnet, it shows in the final reading. With the larger needle no deflec- 
tion of even 0.1 mm. was ever produced by the release or the stop of the 
magnet. But with the small needle, the slight distortion of the walls 
when the hook was pulled down was sometimes sufficient to produce a 
very slight deflection, and sometimes larger deflections occurred. After 
key 2 was open, and while the magnet was swinging and when it came to 
rest, the disturbance of the small needle was usually considerable; but 
this was of no consequence, as the needle was then insulated. These 
shocks had little or no effect in altering the zero of the instrument. 

§ 34. The results now quoted show clearly that, except for a small 
extraneous charge eliminated by the method of procedure used, and of 
about the magnitude of the experimental error, the condenser, in the 
principal experiment, does not receive more than a minute fraction of the 
charge it would receive on the hypothesis of no ether. Well within the 
limits of the experimental error, this fraction is zero. 

The investigation thus appears to support the hypothesis of § 7, (2), 
which assumes the existence of the ether, and to be inconsistent with the 
principle of relativity. 

I am indebted to Mrs. Barnett for a great deal of help in making 
the experiments, and to Mr. Arthur Freund, mechanician in this labora- 
tory, for constructing most of the special apparatus used, as well as for 
help in designing it. 
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ELECTRONIC FREQUENCY AND ATOMIC NUMBER. 
By D. Foote. 


N three recent papers! Dr. Allen has attempted to show that a relation 
exists between atomic frequency and atomic number such that the 
product of Moseley’s atomic number WN and the characteristic frequency 
v for an element in the solid state can be expressed in the form Nv = nyo 
where 1 is an integer or in a few cases an integer plus a simple fraction 
such as 4% or 4, and » is a constant fundamental frequency. In the 
case of electronic frequencies a similar relation is claimed. Thus for 
ionization potentials, the Einstein equation eV = hy may be written 
eV = hnvo/N where 1 is the characteristic integer and vp the fundamental 
frequency. Also since hyp = eVo where Vo is the fundamental potential 
corresponding to the frequency vp we have that V = nV»/N. Dr. Allen 
tested this relation for 7 elements and concluded that Vo = 13.5 volts. 
According to the Bohr theory, the work required to move an electron 
from the mth orbit to the mth orbit of a hydrogen atom is given by the 
following equation: 


(1) Work done = (45-4), 


where K is Rydberg’s constant. When m = 1 and = «© we obtain 
the work required to ionize the atom. Expressed in equivalent volts 
the value 13.5 volts is obtained, which is identical with the expression 
for Vaabove. Thus, the ionization potential for any element appears to 
be equal to the ionization potential for the hydrogen atom multiplied 
by the ratio of the characteristic integer and the atomic number of the 
element in question. 

Within the past three months, since the papers by Dr. Allen were 
written, a considerable amount of data has been published on the subject 
of ionization potentials. . Values determined by Franck and Hertz, 
Davis and Goucher, Bazzoni, Tate, Tate and Foote, Foote and Mohler, 
Hughes and Dixon, and in a few cases theoretical values concerning which 
there can be no question whatever are summarized in Table I. When 
several determinations have been made for the same element, a mean 
value has been chosen. The fourth column gives the product of the 


1H. Stanley Allen, Phil. Mag., 34, p. 478, 1917; idem, 34, p. 488, 1917; Proc. Roy. Soc. 
Lond., 94, p. 100, 1917. 
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atomic number and the ionization potential. In the case of six elements 
the resonance potential is also included as indicated in column 3. It 
will appear from this table that the product NV can be represented by 
nV o where Vp is equal to 10.16 volts, and is an integer (with the excep- 
tion of three cases where it is an integer plus a simple fraction). 


TABLE I. 


Atomic Numbers and Ionization Potentials. 


| | Computed 

ember | ‘Potential NY, | n- Vi. | 

| 1 10.5 10.5, 1-10.50 | .36 10.2 3 
| we 40.4 4-10.10 .06 20.3 A 
| a 7.5 52.5, 5-10.50 .36 7.3 
Na...) 11 | 5.11 56.2, 5-10.22 .06 5.08 .03 
| 72.8 7-10.40 | .24 8.9 
19 4,32 82.1 8-10.26 .10 4.28 
Mg....| 12 | 7.61 91.3, 9-10.14 | .02 7.62 01 
6.08 121.6 12-10.13 .03 6.10 02 
16 132.8 13-10.22 .06 8.3 0 
| 139.4, 14- 9.96 | .20 8.4 2 
Ne.... 10 16. 160. 16-10.00 | .16 16.3 3 
18 12. 216. -21-10.29 .13 1.9 | A 
38 5.67 |215.5 21-10.26 10 5.62 .05 
Zn.... 30 | 9.35 | 280.5, 28-10.02 14 9.48 13 
Ba.... 56 | 5.12 | 286.7 28-10.24 | .08 5.08 | 
Br....| 35 10. 35-10.00 .16 10.2 | 
Cd....| 48 8.95 (430.  43-10.00 | .16 910 AS 
Hg.... 80 | 104 832. 10.02 14 10.54 | 14 

Resonance 

Na....| 11 | 2.10 23.1) 24-10.27 | 2.08 02 
19 1.60 30.4 3-10.13 .03 1.61 
Mg....; 12 | 2.68 32.2, 9.91 .25 2.75 07 
Zn.... 30 | 402 |120.6, 12-1005 | .11 4.06 
| 3.79 181.9 18-10.11 .05 3.81 02 
Hg.... 80 49 392. | 39-10.05 Al 495 | 05 


Mean Vo = Vo = 10.16 + 0.13 av. dev. 


The seventh column of Table I. gives the ionization potentials com- 
puted from the relation V = nVo/N where Vp» = 10.16, and the last 
column shows the deviations between these computed values and the 
observed values. The average deviation is + 0.13 volt, which is about 
the accuracy of any of the experimental work. Thus, the relation pro- 
posed by Dr. Allen appears confirmed with the exception that Vo = 10.16 
volts instead of 13.5 volts. There is, moreover, possibly as much 
theoretical justification for the value 10.16 volts as for the value 13.5 
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volts. Referring to equation (1) we find that the work required to move 
the electron from the first to the second ring of the hydrogen atom is: 


K ) equivalent to 10.1 volts. 
Hence, instead of relating all ionization potentials to the work required 
to ionize a hydrogen atom, the above table shows that they can be related 
to the work required to move an electron from the first to the second ring 
of the hydrogen atom. 

‘In spite of the surprising accuracy of this relation based on the value 
Vo = 10.16 there is considerable doubt, in the absence of any real the- 
oretical justification, that a relation of the above type can be postulated 
from a purely empirical basis. Thus, the above table confirms the 
value of Vo = 10.16, but nearly as good results may be obtained with 
Vo = 8.09, 8.51, 9.15, 9.45, 9.91, 10.16, 10.29, 10.49 and 10.85. How- 
ever, as Dr. Allen has pointed out, little weight can be attached to the 
computation of the integers » when the product NV is large. On the 
other hand, the experimental data happen to be very unsatisfactory 
for the elements for which NV is small. Accordingly we feel justified 
in including the more accurate data for the elements of higher atomic 
number, as listed in Table I., although it must be recognized that in so 
doing we increase somewhat the range of possible fundamental potentials 
without changing the mean deviations of the computed potentials for 
the series as a whole. Table II. represents the mean deviation AV» of 
the computed potentials for all the elements of Table I, for various 
arbitrarily chosen values of Vo. It appears that a wide range of funda- 
mental potentials is possible. 


TABLE II. 
Fundamental Potentials. 
Vo. Mean A/ >. Vw Mona 
8.09 | +£0.25 10.49 +£0.23 
8.51 | 0.28 10.85 0.27 
9.15 0.28 11.86 0.50 
9.45 | 0.23 12.90 0.50 
9.91 | 0.27 
10.16 0.13 
10.29 0.20 


There is good evidence for believing that the frequencyv = 1.5.S (or 1.5 s) 
is an electronic frequency of the type considered by Dr. Allen. Thus 
experiment, in the case of ionization potential verifies the relation 
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hv = eV where V is the ionizing potential of any metallic vapor and » 
is the frequency 1.5 S in the spectrum of this metal. We have then 
from Dr. Allen’s theory, Nv = nyo where vp represents Rydberg’s con- 
stant. Whence it would follow that the products of the atomic number 
and the convergence frequency 1.5.S for the various elements are in 
the ratio of a series of integral numbers, and that these products Ny 
are equal to simple integers multiplied by the value of the Rydberg 
constant. 

These convergence frequencies are known with very considerable 
accuracy for a number of elements and hence should afford a precise 
criterion as to the applicability of Dr. Allen’s theory. If we denote by 
v’ the wave-number we have v’ = ny'/N. The following table gives the 
values of the wave-number »’ corresponding to the frequency v = 1.5 S 
for a series of elements. The numbers are supposedly correct to four or 
five significant figures. ‘The second column gives the corresponding wave- 
lengths, the sixth column the best value of the integer = Nv’/v)’ 
where vo’ is Rydberg’s wave-number, 109679, the seventh column the 
convergence wave-lengths, \, computed on the basis of Dr. Allen’s theory, 
and the last column, the differences between the computed and correct 
values of X. 


TABLE III. 
Convergence Frequencies (v = 1.5S). 
Element. N. |Best Value *(Acomputed 
or 1.55. J. of x. “7° Acorrect)- 
ee 2412.6A 41449 11 455940 4 | 2507.3 94.7A 
ee 2856.6 35006 19 665110 6 | 2887.2 30.6 
Mg...... 1621.7 61664 12 739970 7 | 1563.0 58.7 
> ee 2028.2 49305 20 986100 9 2026.1 23 
2177.5 | 45924 38 1745100 16 2165.4 12.1 
1320.0 75760 30 2272800 21 1302.4 17.6 
— 1378.7 72533 48 3481600 32 | 1367.6 34 
= 1188.0 84176 80 6734100 61 | 1195.7 7.7 


The differences between the computed and correct values of \ are 
many times greater than the error possible in the determination 
of X by use of spectroscopic data. These differences could be reduced 
somewhat by introducing fractional terms in m such as one fourth, one 
half and three fourths, but even then the discrepancies are far too large. 
Furthermore the results do not appear to be improved by choosing a 
fundamental frequency other than the Rydberg constant. Fundamental 
frequencies having the values (2.44, 2.68, 2.94, 3.29, 3.66)-10"* satisfy 
the relation proposed by Dr. Allen almost equally well, but no value of 
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the fundamental frequency appears to represent the data with sufficient 
accuracy. 

It is of interest to consider the theory of Dr. Allen when applied to a 
series of numbers selected at random, in which there can be no physical 
significance whatever. The first four columns of Table IV. are taken 
from one of Dr. Allen’s papers. The average deviation AV» from mean 
value Vo chosen by Dr. Allen is + 0.6 volt. -Column 5 of this table 
contains the same numbers as those given in column 3 but the arrange- 
ment is by random distribution obtained by drawing the numbers purely 
by chance. It is seen that the product NV for this method of grouping 
can be represented by Vo, where Vo = 7.5 volts, with a numerical 
average deviation, AVo, one sixth of that obtained when the numbers are 
properly arranged. The fact that a random distribution of numbers 
gives a more accurate law than the correct distribution of the same 
numbers must appeal as an argument against the physical significance 
of the theory. 


TABLE IV. 


Ionization Potentials and Numbers Selected at Random. 


| 
Element. | N. | Allen's | nv, | 
alues. Values. 
1 11.0 | 1-11.0 7.5 1-7.5 
| 2 | 2s | 3-13.7 12.0 3-8.0 
7.) 75 | 4-13.1 16.0 15-7.5 
8 | 90 5-14.4 11.0 12-7.3 
10 16.0 12-13.3 49 6}-7.5 
18 120 | 16-13.5 20.5 49-7.5 
49 30-13.1 90 96-7.5 
| | ‘Mean Vo= 13.1 ‘Mean Vo= 7.5 
| | Mean AVo= +0.6 |Mean AVo= +0.1 


It is of still further interest to apply the same methods used in obtaining 
the results given in Table I. to a random distribution of the numbers 
appearing in column 3. This has been done in Table V. The third 
column of this table contains the same numbers as the third column of 
Table I., but in Table V. these numbers were arranged by drawing at 
random. As seen from column 4, the mean factor Vo is 12.09 volts, and 
the average deviation, AVo, is + 0.15 volt, practically the same average 
deviation obtained in Table I. where the numbers were grouped properly. 
The pertinence of this illustration is further emphasized by the fact 
that if the small numbers alone of the two tables are compared, the results 
are more favorable for the data grouped at random. 
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TABLE V. 
The Same Numbers as Those Appearing in Table I. Grouped at Random. 


| | 


N. NV. | ne Vo | ale 
1 12 12 | 1-12.00 .09 
2 6.08 12.16 1-12.16 07 
7 5.11 35.77 3-11.92 17 

11. 1.60 17.6 1}-11.73 36 
8 5.67 45.4 3$-12.11 02 

19 | 3.79 72.0 6-12.00 .09 

12 10 120 10-12.00 .09 

20 4.9 98 8-12.25 .16 

16 2.10 33.6 23-12.22 13 

17 5.12 87.0 7-12.43 34 

10 | 7.5 75 6-12.50 | Al 

18 2.68 48.2 4-12.05 04 

38 9.1 346. 29-11.93 16 

30 4.02 120.6 10-12.06 .03 

56 8.3 465 39-11.92 17 

35 9.35 327 27-1211 02 

48 8.2 394 33-11.94 | 15 

80 10.5 840 | 70-12.00 .09 

11 20.2 222 | 18-12.33 24 

19 10.4 16-12.37. .28 

12 | 16 | 16-12.00 .09 

30 7.61 19-12.00 | .09 

48 | 4.32 207 17-12.18 .09 

80 | 8.95 | 716 | 60-11.93 16 

| | Mean 12.09 +0.15 


A further complication in Dr. Allen’s theory is that the fundamental 
integers obtained are not universally fundamental but depend upon the 
type of electronic or atomic frequency under consideration. Thus, in 


_the case of sodium we find n equals 514 for ionization potential, 4 for the 


convergence frequency v = 1.5s, 214 for resonance potential, 2 for the 
photoelectric limiting frequency, 3 for the maximum of the photo- 
electric effect, 214 for atomic frequency by Lindemann’s formula, 114 by 
Einstein’s formula, 2 by Alterhun’s formula, and 2 by specific heat deter- 
minations. Since many of the above phenomena are of the same type 
from the standpoint of the atomic agitation we would expect a closer 
agreement or at least some simple relation between these integers. 
Still further there does not appear to be any simple relation between 
n and the atomic number JN, for a series of elements, even when the 
same phenomenon is considered, as is evident from a comparison of the 
values given in Table I. 

Summary.—The empirical relation proposed by Dr. Allen connecting 
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atomic numbers, fundamental frequencies, fundamental numerals, and 
ionization potentials does not appear to accurately interpret recent experi- 
mental data. The apparent agreement obtainéd between observed 
ionization potentials and those computed on the basis of Dr. Allen’s 
theory is due to the fact, the possibility of which was suggested by Dr. 
Allen, that one is concerned mainly with large numbers, and that suffi- 
ciently accurate data are lacking for the three or four elements which 
would give small enough numbers to afford a criterion of the theory. 
From an empirical standpoint the theory does not appear to be justified 
because a wide range of numbers may be chosen for the fundamental 
frequency with equally satisfactory results. 

Also, the theory may be apparently evolved equally well from experi- 
mental data arranged properly, or from the same numerical data arranged 
by chance with no reference to their physical significance. The theory 
fails in determining the limiting frequencies (v = 1.5.8) of the elements 
for which these values are accurately known. One might expect the 
theory to be of value in predicting results which could be more accurately 
confirmed by experiment. Such is not the case, however. For example, 
the ionization potential of sodium (or any other material) can not be 
predicted by this theory because the theory requires a knowledge of the 
integral multiplier for the ionization potential of sodium which in turn 
requires a knowledge of the ionization potential for its determination. 
The integral multipliers for the same element are different for different 
phenomena and no relation is apparent between the integers determined 
by different phenomena. In conclusion the writer desires to express his 
appreciation for the valuable criticism of Dr. W. F. G. Swann in the 
preparation of the manuscript. 


BUREAU OF STANDARDS, 
WASHINGTON, D. C., 
February 18, 1918. 
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SOME PROPERTIES OF METALS UNDER THE INFLUENCE 
OF ALPHA RAYS. 


By A. G. McGouGan. 


1. INTRODUCTION. 


HEN a-rays strike an insulated metal surface in a high vacuum 
the metal becomes positively charged. This charge is due to 
two chief causes—(a) the positive charge carried to it by the a-particles, 
(b) the negative charge carried away by the electrons emitted. The 
relative magnitude of these two effects has been investigated by Bum- 
stead and the writer.1 These emitted electrons are commonly known as 
é-rays. The speeds of the 6-ray electrons have been studied by Bum- 
stead,? who finds that they vary from very slow moving electrons to quite 
swift ones, more than 1,700 volts of retarding potential not being suffi- 
cient to stop them all. The number of these electrons emitted varies 
with the speed of the incident a-rays in a manner entirely analogous to 
the ionization of gases first investigated by Bragg. As the speed of the 
a-ray decreases the number of 6-electrons emitted increases up to a 
certain maximum and then rapidly falls off to zero. 

The behavior of different metals under a-ray bombardment was also 
investigated’ and the rather unexpected fact demonstrated that all the 
metals studied gave practically identical ionization curves. The actual 
charge received by any one metal was not the same as that received by 
another under similar conditions, but the shape of all the curves obtained 
was the same. This does not agree with the analogous case of gases 
where the particular gas studied gives a characteristic curve, the lower 
the atomic weight of the gas, the more pronounced the maximum or 
“knee” of the curve. 

It was also ‘observed in the course of these experiments that when a 
high vacuum has been newly made the total 6-ray current is considerably 
larger than after the vacuum has been maintained for some time. A 
progressive reduction amounting to as much as 30 per cent. has been noted 
for a period of two days after the application of liquid air. A similar 
result has been described by Pound.*‘ 

1 Bumstead and McGougan, Am. Jour. Sci., XXXIV., Oct., 1912. 

2 Bumstead, Am. Jour. Sci., XXXVI., Aug., 1913. 


3’ Bumstead and McGougan, I. c. 
4 Pound, Phil. Mag., 23, pp. 813-837, May, 1912. 
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The similarity in the behavior of different metals and the progressive 
reduction of the ionization current led to the supposition that the entire 
6-ray effect is not a metallic ionization at all but is rather due to a film 
of gas adsorbed into the surface of the metal. This film could be reason- 
ably supposed to be the same for all metals after exposure to the air and 
would naturally be reduced by a long continued vacuum. 

An attempt was made! to remove this residual layer of gas by pro- 
longed heating of a platinum strip in a high vacuum maintained by a 
Gaede pump. The result was a further diminution of the current by 
about 30 per cent. but the shape of the ionization curve still remained 
unaltered. A similar experiment by Campbell? indicated that after 
very prolonged heating the effect was entirely removed and the original 
condition of the metal could be restored only by exposing it again to the 
air. Ina later experiment Pound? finds that a metal surface distilled in 
a vacuum lacks this effect entirely. 

The need of further evidence on this question led the writer to the 
following experiments. In the first an attempt is made by scraping the 
surface of the metal while in a high vacuum to present a fresh clean surface 
of metal to the incident a-rays. In the second a similar result is sought 
for a surface of mercury by the method of overflow, thereby stretching 
the surface film and producing a new clean surface of mercury. 


2. DESCRIPTION OF APPARATUS. 


A brass vessel, Fig. 1, is connected to a Gaede pump, McLeod gauge 
and charcoal bulb. The cover consists of a heavy brass plate carefully 
ground to fit on the collar of the vessel and the joint is made tight with 


VL 


Fig. 1. 


rubber stop-cock grease. A copper plug P, the lower surface of which 
is coated with polonium, is surrounded by a brass collar C which limits 


1 Bumstead and McGougan, lI. c. 
2 Campbell, Phil. Mag., 28, 286-302, Aug., 1914. 
3 Pound, Phil. Mag., 30, pp. 491-502, Oct., 1915. 
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the cone of rays so that they fall entirely on the disc of metal A under 
investigation. Six such discs about 2 cm. in diameter are soldered to 
the upper surface of the brass disc B which is supported by a brass rod 
insulted with amber and connected to a sensitive electroscope of the 
Hankel type, which was designed by Bumstead and has been described 
by him.!' The earthed guard tube which surrounds this rod is made in 
two parts, an inner cone-shaped tube being ground to fit in an outer 
supporting tube insulated from the cover with ebonite. 

Thus the disc B can be rotated from the outside while the vacuum is 
maintained and the different metals such as A brought under the influence 
of the a-rays. A tube D attached to the side of the vessel contains the 
handle of a hoe-shaped steel scraper S. The handle is pivoted at its 
outer end. A cylinder of soft iron E surrounds it and fits loosely in the 
tube. An electromagnet M acting on this soft iron produces a consider- 
able pressure between the scraper and the metal to be studied; or in 
the position M4, the magnet may be used to hold the scraper free from 
the metal. For simplicity in the diagram the scraper is shown as if its 
handle were in the same plane as the rod carrying the disc B. In reality 
the scraper handle lies in a plane parallel to this but displaced toward 
the observer about 4 cm. so that the scraper S lies in a plane perpendicular 
to the paper and passing through the rod which supports B. Hence when 
B is rotated the scraper will drag across the surface of the metal discs 
and by rotating B back and forth while properly manipulating M a 
thorough scraping may be effected. By this means quite appreciable 
chips of metal were removed especially from lead. The scraping was 
observed through plate glass windows in the vessel not shown in the 
diagram. 

A second conical bearing H carries the brass disc F in which eight 
holes about 2 cm. in diameter are cut. These holes are covered with 
aluminum foil from the same supply used in the former experiment, 
viz., a heavy foil 3.2 X 107* cm. in thickness having a retarding effect 
on a-rays equivalent to 0.58 cm. of air; and a thin foil 0.64 X 1074 cm. 
in thickness or. one fifth the thickness of the heavy. Several combina- 
tions of the heavy and thin foils are used on the different holes varying 
from one thin to six heavy, the latter practically stopping all the a-rays. 
By rotating these different foils into the path of the a-ray beam eight 
points on the Bragg curve can be obtained in a fairly short time. The 
different metals on the disc B can be investigated under exactly similar 
conditions; and any metal can be scraped in vacuo and the Bragg curve 
obtained while the surface is fresh. 


1Am. Jour. Sci., XXXII., 405, Dec., 1911. 
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In order to insure that all the 6-rays excited by the incident a-rays 
leave the electrode, a positive potential of 40 volts is applied to the vessel. 
The electrode is connected to the electroscope through a key and poten- 
tiometer arrangement so that the leaf can be grounded, insulated or 
charged to any desired potential. Thus the volt-sensitiveness of the 
leaf can be measured after each reading. During this experiment a 
sensitiveness in the neighborhood of 30 divisions in the microscope per 
0.2 volt was maintained. 


3. RESULTS OF EXPERIMENT I. 


The effect of the scraping is shown on the accompanying curves for 
lead and gold. These two gave the most consistent results in the several 
trials made. Curve J, Fig. 2, shows the Bragg curve for lead which 
has not been scraped. Curve JJ was obtained in an exactly similar 
manner immediately after scraping. Curve IJI was taken about three 
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Fig. 2. Fig. 3. 


hours later. A similar set for gold is shown in Fig. 3, except that Curve 
ITI was taken next day and it so closely agrees with Curve J that it has 
not been drawn separately. 

Scraping in vacuo lessened the 6-ray emission of all the metals studied. 
The most marked decrease was in the case of lead where a maximum 
reduction of 37 per cent. was obtained. Gold was reduced 10 to 15 
per cent., platinum 6 per cent. and aluminum 16 per cent. However, 
the shape of the new curve was almost identical with that of the old and 
the percentage reduction at each point was reasonably constant. Curve 
ITI shows that this reduction is only temporary and a complete recovery 
has taken place within a day with the metal still enclosed in a liquid 
air vacuum. On several occasions the metal surface was re-scraped 
after taking a series of observations. The 6-ray current after this second 
scraping was not appreciably different from that preceding. A certain 
maximum reduction seems possible by this method but not a complete 
removal of the effect. On the other hand if a metal was re-scraped after 
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the complete recovery has taken place a reduction practically equal to 
that obtained on the first scraping was produced. 

A few readings were taken with this apparatus to compare the 6-ray 
current from different metals under exactly similar conditions, none 
having been recently scraped. Quite a wide variation in values was 
obtained ranging from 18 to 27 divisions on the microscope scale with 
one thick foil interposed in the a-ray beam. In order of increasing 
5-ray current the metals stood, lead, copper, silver, gold, platinum, 
aluminum. The shape of the curves obtained for the various metals 
agreed within the limits of accuracy of the measurements thus sub- 
stantiating the previous investigation of this point. 

The result of this experiment seems to support the theory that the 
5-ray current is due to adsorbed gas which is present in the metal and 
which is more densely collected on the surface. Scraping removes some 
of this gas with the surface of the metal and so reduces the 6-ray emission. 
However, in time a new layer forms on the surface, either diffusing 
outward from the interior of the metal or condensing from the remaining 
gas within the chamber. 

4. EXPERIMENT II. 

In the second experiment the electrode is replaced by a cup of mercury, 
the surface of which is exposed to the a-rays. The cover of the chamber 
used in the previous experiment was again utilized, the polonium plug, 
the disc with holes covered by aluminum foil and the conical bearing 
which carried the electrode being retained. But the brass plate B 
(Fig. 1) was replaced by a sheet of plat- 
inum B (Fig. 4). A glass air-pump receiver 
lined with an iron gauze of about I mm. 
opening took the place of the brass vessel. 
This receiver is placed on a heavy iron plate 
provided with levelling screws and accurately 
ground ‘to fit the lower face of the vessel. 
Through the base plate three iron tubes 
open into the chamber. The central one 
carries a conical iron cup A fitting as a col- 
< lar near its upper end. Through a plug in- 
YAW in the top of this tube there is a mi- 

H fel fe nute hole. The level of this opening is set 

Fig. 4. just below the level of the top of the cup. 

The upper part of this tube is insulated 

from the lower by a ring of amber D. It is connected by a rubber hose 
with a mercury reservoir which can be raised and lowered. By this 
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means mercury can be made to flow into A until it overflows. Uniform 
overflowing on all sides is made possible by adjustment of the levelling 
screws. On lowering the reservoir, the mercury column drops in the 
tube below the amber section D and thus an insulated cup of mercury 
is exposed to the a-rays. When the hole in the top of this tube is quite 
small and near the surface of the mercury in A there will be no dripping 
back into the tube when the reservoir is lowered. This condition was 
realized with a hole approximately 0.2 mm. in diameter. A contact 
point on the platinum strip B may be turned into such a position that 
it touches the convex mercury surface and thus the conditions of the 
previous experiment are reproduced with mercury in place of the metals 
previously studied. The platinum strip B can itself be rotated into the 
path of the a-rays, thus giving a check on the results and making possible 
the direct comparison of mercury with other metals. A second contact 
point is provided so that in the latter position the insulated mercury cup 
is in electrical contact with the platinum strip and thus the capacity 
of the whole system remains unaltered. The remaining tubes through 
the base plate lead, one to a McLeod gauge, charcoal bulb and pump; 
the other through a tube of barometric height to an overflow vessel. 
The base plate, cover and gauge lining are all charged to the usual 
positive potential of 40 volts. 

In the first form in which this apparatus was made the upper section 
of the central tube was of quartz, itself serving as an insulator. However 
it was found that the frictional charge given to the quartz by the flowing 
mercury was so great, and took so long to leak off, that any other effects 
due to the fresh surface were completely masked. This charge was 
investigated with the polonium plug removed. Even with the iron 
tube a slight disturbance of this kind was found but it disappeared very 
rapidly. 

In order to prevent contamination of the polonium by the mercury 
vapor within the chamber a thin coating of gelatine was placed over the 
end of the plug before putting it in place in its collar. This film decreases 
slightly the range of the a-rays and so affects the shape of the 6-ray curve. 
However as it is the effect produced by overflowing the surface that is 
sought, this decreased range will make no difference in this case. 

Repeated trials with this apparatus failed to show that the overflowing 
of the mercury surface made any difference on the emission of 6-rays. 
The readings taken before and after overflowing did not differ more than 
the usual experimental variations. Curves were obtained for both 
mercury and platinum. The total 6-ray emission for mercury was 
always about 10 per cent. less than for platinum but the curves agreed 
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in shape very closely, thereby verifying previous demonstrations of 
this fact. 

The result of this experiment shows that while a mercury surface 
emits 6-rays like any other metal surface, it is impossible to change that 
emission by providing a new layer of molecules on the surface by the 
method of overflow. The surface gas film even if removed by over- 
flowing almost instantly re-forms. Whether the molecules which con- 
stitute this layer are provided from the interior of the metal with the 
fresh mercury molecules or are deposited on the surface from the residual 
gas in the chamber is a matter of question. It is difficult to see why 
such a deposit should be made so quickly when in the analogous case of 
solid metals a day was required for a complete recovery. On the other 
hand, if these gas molecules are provided from the interior and are 
entangled among the mercury molecules it is evident that they could 
easily form a film over the surface in an exceedingly short time. In the 
case of solids one would expect a much slower diffusion of internal gas 
to the surface. This might explain the slow recovery in that case. 


5. SUMMARY. 


1. The 6-ray current from a metal under bombardment by a-rays in a 
high vacuum is reduced by scraping the surface of the metal with a steel 
scraper while the vacuum is maintained. The reduction effected in 
these experiments varied from 6 per cent. for platinum to 37 per cent. 
for lead. 

2. The reduction of the 6-ray emission is not permanent, a recovery 
was observed a short time after scraping and a complete restoration took 
place in one day. 

3. The 6-ray emission from a mercury surface is not affected by over- 
flowing the surface. The emission from mercury is practically the same 
as from other metals, all the curves having the same shape. 

4. The evidence presented in these experiments supports the belief 
that the 6-ray effect in metals is due to a gas film on the surface. In the 
case of mercury it seems more likely that this film is formed from mole- 
cules of gas contained within the liquid. The scraping experiment 
provides no criterion for judging whether the film on solids is provided 
by a ‘“‘soaking out” of gas from the interior or by a slow deposition of 
the residual gas in the chamber. The reduction and subsequent recovery 
of the 6-ray effect shows that the film is partly removed and renewed 
from somewhere. The interior origin seems in accord with Pound’s 
results on surfaces distilled in vacuo. There would be little opportunity 
for such a surface to have gas molecules entangled within it while it could 
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have a deposited layer the same as any other surface. The reduction 
of 6-ray activity by heating and by continued low pressure show that 
the surface film under these circumstances loses gas molecules to its 
surroundings which are not replaced from the residual gas. 

In conclusion I wish to express my thanks to Professor Bumstead 
for continued interest and inspiration in this series of experiments and 
to Professor Boltwood for kindly providing the polonium which made 
these investigations possible. 


SLOANE LABORATORY, 
YALE UNIVERSITY, 
September, 1917. 
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ON THE SPECIFIC INDUCTIVE CAPACITY OF METALS. 


By FERNANDO SANFORD. 


T has long been a question whether the properties of specific inductive 
capacity and electrical conductivity can co-exist in the same sub- 
stance. Maxwell’s notion that induction is produced by a displacement 
of the bound electricity in the ether, whether free or between the atoms 
of a dielectric substance, would make it seem impossible that induction 
could take place through a body in which electric charges are free to 
move. Also, since the dielectric constant of a substance was defined 
as the reciprocal of an elastic modulus, viz., as the ratio of the displace- 
ment of an electric charge to the electromotive force which produces 
the displacement, and since the smallest electromotive force may produce 
a continuous electric displacement in a conductor, it seems to follow 
from the definition that the dielectric constant of a conductor is 
infinite. 

However, a closer consideration may show us that this conclusion is 
not necessary. Thus, one of our modern theories of metallic conductivity 
assumes that there are in metals both free and bound electrons, and that 
the free electrons alone are concerned in current conductivity. If this 
be true, it is not, @ priori, impossible that an electric displacement in 
the Maxwellian sense may be produced in these bound electrons by the 
E.M.F. which produces the current. 

It has been found since Maxwell’s day that the smallest electromotive 
force may produce a continuous electric displacement in the free ether; 
that is, that an electron in the ether outside of material bodies moves 
with even greater freedom than in a metal, and that electric induction 
in a vacuum cannot consist in the displacement of the bound electricity 
in the ether, because there is no bound electricity in the ether. Since 
we are compelled to look upon induction as something different from a 
displacement of bound electrical charges, there is no longer any ground 
for the assumption that a conductor may not possess the property of 
specific inductive capacity. 

Work done in the Stanford laboratory in 1912, by Miss Shirley Hyatt,! 
showed that induction does, in fact, take place freely through a metallic 


1 Puys. REv., XXXV., 337, 1912. 
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conductor until the inducing charge is neutralized, so far as its inducing 
power is concerned, by the bound charge which it induces upon the con- 
ductor. Thus, in many inferior conductors a specific inductive capacity 
may be measured by a rapidly alternating electromotive force when its 
detection is impossible by a steady electromotive force. In this case, 
since when the specific inductive capacity is measured by the condenser 
method the conductivity of the dielectric increases its apparent specific 
inductive capacity, when an alternating electromotive force is used the 
more rapid alternations usually give the lower specific inductive capacities. 

The work of Alfred Coehn and his colleagues' seems to show a very 
definite relation between specific inductive capacity and contact electri- 
fication, so that in the case of all non-metallic substances, solid, liquid or 
gaseous, substances of higher specific inductive capacities acquire positive 
charges from contact with substances of lower specific inductive capaci- 
ties. 

Since metallic substances may be charged by contact with other 
metallic or non-metallic substances, regardless of their conductivity, 
it would seem that Coehn’s Law should apply to them also; and that if 
metals have the high specific inductive capacities attributed to them they 
should take positive charges from all other substances.. 

It is possible to find many lists of substances arranged in the order of 
their electrification by friction, but in all of these lists, except one? 
which has appeared since the work described in these pages was completed, 
the metals are usually classed together about midway of the series given, 
usually between silk and india rubber. This location would seem to 
make the specific inductive capacity of the metals about four. 

However, since the metals may show very considerable contact charges 
among themselves, it seems unlikely that they should not be distributed 
throughout the frictional electric series, especially if Coehn’s Law may 
be applied to them. On the other hand, it would seem that if metals 
take their places distributed throughout the contact series with the non- 
metallic substances it is natural to conclude that their dielectric constants 
are also distributed in a similar manner throughout the dielectric series. 
It was for the purpose of finding if this were the case, and not for deter- 
mining the contact or frictional series with a high degree of accuracy, 
that the following described experiments were undertaken. Still, it is 
believed that for the particular samples of substances used the order is 


1See A. Coehn, Wied. Ann., 64, 217, 1898; Coehn and Raydt, Ann. d. Phys., 30, 777, 
1909; Coehn and Mozer, Ann. d. Phys., 43, 1048, 1914; Coehn and Franken, Ann. d. Phys., 
48,1005, 1915. Also, P. Lenard, Wied. Ann., 46, 584, 1892, and Ann. d. Phys., 47, 463, 1915, 

2? Experiments on Tribo-Electricity, P. E. Shaw, R. S. Proc., Nov. 5, 1917. 
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undoubtedly correct except in the case of some pairs of metals which 
lie rather close together in the contact series.! 

Two methods were employed for testing the charges produced upon 
the metals by friction or contact. In one of these methods the con- 
ducting substances were mounted upon insulating handles, usually of 
ebonite, and the non-conducting substances were usually held in metallic 
forceps or tongs to avoid giving them charges by contact with the hand. 
The two were rubbed together, or merely placed in contact and separated, 
and their charges were tested by a Wilson tilted electroscope, the plate 
of which was connected to 100 dry cells. This gave the character of the 
charges and enabled one to tell whether the substances tested were close 
together or far apart in the frictional series. - 

In the other method, the metals to be tested were used in the form 
of rods. They were suspended from an insulating support and connected 
to one side of a four-microfarad paper condenser, the other side of which 
was joined toearth. After the rod had been rubbed or brushed with the 
substance with which the metal was being compared, the condenser was 
disconnected from the metal and discharged to earth through a ballistic 
galvanometer. It was hoped that this second method might give com- 
parable quantitative values, but such was not the case except in a very 
rough manner. It generally made it possible to determine the order of 
two metals fairly close together in the series, but even this was not 
always the case. Since surface conditions, the method of rubbing or 
brushing the surfaces together and other variations may greatly influence 
the frictional charges produced, it is very difficult to know that a set of 
non-metallic substances are arranged in the proper order of their frictional 
electrification. 

In testing the various substances for their places in the series each 
substance was tried with a considerable number of other substances, 
usually ten or more, and some substances were tried with practically all 
the others. In order to make it possible to determine more closely a 
number of positions in the dielectric series, Professor Rogers kindly 
determined for me the specific inductive capacity of a considerable 
number of the dielectrics used. Where his values are used in the table 
they are followed by the letter R. The other values given were taken 
from Landolt and Boernstein’s tables. The results of the comparison 
of a number of the substances tried are given in Table I. 


1 Mercury may be made to take its place among the electropositive or the electronegative 
metals in the contact series. Ifa solid be immersed in mercury and withdrawn the charges 
taken by the solid and by the mercury indicate that mercury comes between copper and tin 
in the contact series; but if any of the solids used in this investigation except the heavy 
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TABLE I. 

Sheet rubber A............... | 2.1 R. | Khotinsky cement............. —_— 
| Aluminium, oxidized........... 
Celluloid sheet............... — 
Sheet suber 2.34 R.| Quartz, + toaxis............. 4.5 
Boro-silicate crown glass ....... 6.2 
| 3.02 RJ Plate glass A................. 7.6 R. 
3-3.4 Heavy silicate flint glass....... 8.3 
| 4.2 R. | Chamois leather............... 
Yellow oil cloth.............. Heavy flint-glass rod........... 


It will be seen from the above table that the metals take their places 
in the contact or frictional series with dielectric substances just as the 
latter do with each other. The natural inference to be drawn from this 
fact is that the places taken by the metals-in this series are determined 
by their dielectric constants, just as are the places of the non-metallic 
substances. This being true, we may state the following laws: 

1. The specific inductive capacities of metals are of the same order 
of magnitude as are those of non-metallic substances. 

2. The more electropositive a metal is in the contact series the higher 
is its specific inductive capacity. 

In a paper published in 1911! an attempt was made by the present 
writer to find the explanation of contact electrification in the different 
fint glass rod at the positive end of the series was struck sharply upon the surface of a vessel 


of mercury it would take a negative charge from the mercury. 
1A Physical Theory of Electrification, Leland Stanford Junior University Publications, 
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specific inductive capacities of the metals, though it was then generally, 
if not universally, held that the metals have infinite specific inductive 
capacities. Later, it was shown! that for a large number of substances 
those physical properties which vary with specific inductive capacity 
vary in the same manner with the magnitude of the characteristic 
charges taken by ions in electrolytic solutions. Since that time a 
number of investigations dealing with the problem of the specific induc- 
tive capacities of metals have been undertaken in the Stanford Labora- 
tory. 

Starting with the theory of Nernst that the high specific inductive 
capacity of water is the cause of its high dissolving and dissociating 
power, it was argued in the paper of 1911 that if two pieces of the same 
metal be placed in communicating liquids of different specific inductive 
capacities the one in the liquid of higher specific inductive capacity will 
give off positive ions more freely than the one in the liquid of lower 
specific inductive capacity, and hence will become the cathode of a 
voltaic cell whenever the two pieces are metallically connected. This 
has since been verified for a number of dielectric liquids of known specific 
inductive capacity by Mr. Dayton Ulrey,? who found that the electro- 
motive force of a cell having both electrodes of the same metal is directly 
proportional to the difference in specific inductive capacities of the two 
liquids in which the electrodes are immersed. 

Previous to the work of Ulrey, Miss Finney* had shown that for a 
large number of pairs of equimolecular solutions of metallic salts with a 
common acid, ‘‘the metals may be arranged in a series in the order in 
which the presence of their ions in a water solution affects the solution 
tension of a metal when placed in the solution. Furthermore, this series 
is the same as the contact electromotive series. That is, if both elec- 
trodes be of the same metal, the electrode in the solution which contains 
the more electropositive ion has the higher solution tension and accord- 
ingly corresponds to the zinc electrode, while the electrode in the solution 
which contains the less electropositive ion corresponds to the copper of 
the ordinary Daniell cell.” 

The conclusions of Miss Finney were confirmed by the later work of 
Mr. Philo F. Hammond,‘ who measured by another method the potential 
difference between electrodes of the same metal in equimolecular solutions 
containing different metallic ions with the same acid ion. 

1 Specific Inductive Capacity and Atomic Charges, Puys. REv., N. S., I., 446, 1913. 

2 Results of investigation not yet published. 

3 Puys. REv., N. S., VI., 400, 1915. 


4The Influence of the Metallic Ions in an Electrolytic Solution Upon the Electrical 
Potential of a Metal Placed in the Solution. The New Era Printing Company, May, 1916, 
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The necessary interpretation of the above results seems to be that 
metallic ions in a water solution usually decrease the specific inductive 
capacity of the water, but that the more electropositive ions decrease 
the specific inductive capacity less than the more electronegative ions, 
all of which is in agreement with the above deductions as to the magnitude 
of the dielectric constants of metals. 


STANFORD UNIVERSITY, 
February, 1918. 
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POLARIZATION MEASUREMENTS AT WIRE CATHODES IN 
SEPARATELY IONIZED GASES. 


By C. A. SKINNER. 


HE results of an investigation of the polarization at plane cathodes 

in separately ionized hydrogen have been published in two previous 

articles.!_ In a subsequent paper presented before the American Physical 

Society” similar results from plane cathodes in oxygen, and preliminary 

measurements with wire cathodes in the same gas were reported. The 

present article is a report of the completed investigation of wire cathode 
in separately ionized oxygen and hydrogen. 

With polarization potentials ranging between about 10 and 80 volts, 
plane cathodes in the highly ionized negative glow of hydrogen give the 
following relation between the magnitudes involved 

i\? 
v= (1 
where V, is the polarization P.D. and j the current density at the cathode, 
n the number density of the positive ions just outside the polarization 
region—assumed from the experimental results to be nearly proportional 
to the ionizing current—and g a constant depending on the kind of metal 
used. 

The scheme of measurement and the apparatus used are described in 
detail in the first article. Briefly, it consists in measuring the current 
produced by a definite P.D. applied between two small electrodes placed 
in practically the same equipotential surface of the negative glow of a 
separate ionizing current. Since the negative glow is highly conductive, 
and since the anode fall in it is almost a vanishing quantity, the applied 
P.D. must be practically concentrated at the cathode. By simply 
reversing the applied P.D. the two electrodes may be simultaneously 
tested as cathode. 

Comparison of Plates and Wires in Separately Ionized Oxygen.—In 
Table I. are given two sets of results: first, the means obtained in oxygen 
from two aluminium plates (approximately 2 X 5 mm.; area, .265 cm.?); 
second, similar measurements from two aluminium wires (diam. .40 mm.; 


1C. A. Skinner, Puys. Rev., N. S., IX., 2 and 4, 1917. 
2 Washington, April, 1917, PHys. REv., July, 1917. 
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area, .095 cm.”?)._ Both sets were obtained with practically the same gas 
pressure (.7 mm.), and the same ionizing current (1.0 M.A./cm.?). The 
individual observations from which the means were obtained were in 
satisfactory agreement. 

The first column of each gives the applied (i. e., polarization) P.D., Vs; 
the second gives the resulting current density 7 at the cathode tested; 
and the third, the ratio V,/j?.. As found with plates in hydrogen, so 
here, with both plates and wires in oxygen, V»/j? = const. over a con- 
siderable range of polarization potentials. 

A comparison of the limits of this range for the two gases is interesting. 
In the second article we associated the lower limit with the temperature 
of the positive ions and their reflection constant. From measurements 
on the ordinary cathode it was concluded that the hydrogen ion impinging 
on the cathode loses about .027 of its energy, and oxygen, .025—that is, 
they have about the same reflection constant. Since both gases must 
be at nearly the same temperature in the negative glow, and since their 
reflection constants are the same, the polarization P.D. at which the 
temperature effect becomes appreciable should be the same. For hydro- 
gen this occurs at about 10 volts; for the same plates in oxygen, Table I. 
locates it between 9 and 13.5 volts, practically the same. 

Comparing the upper limits of this range for the two gases: with 
hydrogen it is about 80 volts, and Table I. gives for oxygen, about 140, 


TABLE I. 


Aluminium Cathodes in Separately Ionized Oxygen. 
Ionizing current: 1.0 M.A./cm.?. 


Plates—Area, .265 Cm.2 Wires—Diam., .40 Mm.,; Area, .095 
p = .67 Mm. p= .72 Mm, 
Applied P. D. ‘Current Density! Vial. Vs. | 
(ly). 
3.5 volts. | 9. X10 43. X10" 3.2 21.9107 6.7 X10" 
6.2 15.6 25.5 65 40.5 3.95 
8.8 21.7 18.6 | 
13.4 14.9 58. 3.8 
Zz. | 39.3 14.9 22. 78. 3.6 
| 15.0 36.3 98, 3.8 
57. | 61. 35 55.5 118. 4.0 
76. | 71. 13.4 74, 138. 3.9 
96. | 79.5 15.2 94, 156. 3.8 
145. 88. 14.8 113.5 | 170. 3.9 
140. 96. 15.2 133. | 190. 3.7 
164. 112, is. 152. 206. 3.6 
193. | 128. 11.8 | 171. 230. 3.2 
222. | 146. 10. | 
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nearly double the magnitude. If the explanation previously given for 
this upper limit be correct—namely, that under this bombardment poten- 
tial the liberation of electrons from the cathode becomes sufficient to 
appreciably increase the ionization in the surrounding gas, we must 
conclude that hydrogen ions produce at 80 volts velocity what oxygen 
ions require about 140 volts to accomplish. If this be true the polariza- 
tion P.D. at the cathode of a glow current, under ‘‘normal”’ (i. e., mini- 
mum) current density, should not be less than about 80 volts for an 
aluminium cathode in hydrogen; and not less than about 140 volts for 
the same metal in oxygen. For the former I obtained 78 volts,! and 
Cheney 85?—in good agreement with the approximate value of 80 volts 
for the point where V,/j? begins to drop below a constant value. For 
the normal current density in oxygen, Neuswanger’ gives the polarization 
P.D. at an aluminium cathode as about 165 volts, well above the value 
140 obtained from Table I. This difference in the magnitudes is however 
not at all inconsistent, when we consider that the normal current density 
in oxygen is about six times that of hydrogen; which of course demands a 
correspondingly large liberation of electrons, if these are the original 
source of ionization. 

In a recent article Cheney‘ shows that aluminium, bombarded by 
certain positive ions, begins to emit electrons at fairly definite bombard- 
ment potentials—e. g., lithium ions, 150 volts; potassium, 75 volts; and 
rubidium, 200 volts. From these values and the molecular weights of 
the ions, he estimates that positive hydrogen ions must have a velocity 
of 150 volts before they will begin to liberate electrons from aluminium. 
Accepting this value it readily follows, as he shows, that a polarization 
P.D. at an aluminium cathode in hydrogen, of 80 or 90 volts, could not 
cause a sufficient electron current from the cathode to produce any effect 
on glow current magnitudes. Had he on the other hand taken oxygen 
as an example, he would have calculated that the polarization P.D. at 
normal current density (165 volts), was sufficient to furnish about five 
times the electron current which Neuswanger calculated from his results 
as necessary to maintain the glow current. Taken together, these two 
examples of hydrogen and oxygen merely show that Cheney’s method 
of determining the necessary bombardment potential, from his three 
measurements on the one hand and the molecular weight on the other, 
is quite unreliable. 


1C, A. Skinner, Puys. REv., N. S., VI., 2, p. 497, 1915. 

2 W. L. Cheney, Puys. REv., N. S., VII., 2, p. 241, 1916. 

3 Wm. Neuswanger, Puys. REv., N. S., VII., 2, p. 253, 1916. 
4W. L. Cheney, Puys. REv., October, 1917. 
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Passing now to the results from wires—second part of Table I.—we 
find first, that the constant value of V;/j? is only about one fourth the 
magnitude found with plates. That is, with the wires used, the current 
density, for the same polarization P.D., was about twice as large as with 
the plates. This difference might possibly arise from an increase in n 
caused by the current of positive ions being focused on the wire. It 
scarcely seems possible however that this effect could be so large. It 
appears more plausible to ascribe the increased current to a decrease in 
the time interval necessary for the positive ions to give up their kinetic 
energy. Compared with plane plates, the field intensity next to the wire 
—for the same polarization P.D.—is undoubtedly greater. This natu- 
rally brings the reflected ion back to the cathode in a more rapid suc- 
cession of impacts and hence shortens the time required to bring it to 
rest. The result should be, as observed, a larger current density with 
wires than with plates, and larger with fine wires than with coarser. 

It is also interesting to note that the lower limit for V,/j? = const. 
is about 6.5 volts with the wires, compared with over 9 volts with plates. 
The upper limit is about the same for both. 

An exact comparison of wires and plates by the present method is 
impossible, because the negative glow is entirely too restricted in extent 
to use plates large enough to neglect the effect of their edges. It there- 
fore appeared advisable to confine further investigation of this problem 
to wires differing in diameter. 

The preliminary part of the subsequent investigation was carried out 
in oxygen, but the more careful measurements were made in hydrogen. 
Inasmuch as the latter practically duplicated the comparisons made in 
oxygen, the report will be confined to the results obtained from hydrogen. 
- Comparison of Wire Cathodes in Separately Ionized Hydrogen.—The 
two wires to be compared were carefully cleaned and sheathed in thin- 
walled glass tubes which were closely adjusted to give the same exposed 
length of wire—about 6mm. These wires were inserted parallel to each 
other, about two millimeters apart, in the same equipotential surface of 
the negative glow. One served as anode while the other was being 
tested as cathode. By immediately reversing the applied P.D., current 
measurements under identical conditions could be made for both; a 
proceeding which proved to be necessary for close comparison. 

To insure agreement with equation (1) over the customary range of 
polarization P.D. it is necessary to subject the metal to a process of 
seasoning in vacuo—presumably to free it of absorbed gases, which cause 
variable: results. This seasoning consists in keeping, and using, it in 
vacuo a few days until a steady condition is reached; after which it may 
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be repeatedly removed for cleaning without dropping back to its variable 
state. 

Our present aim being to determine simply the effect of the diameter 
of the wire, considerable loss of time was avoided by using in all cases new 
samples, which had not been subjected to the seasoning process. This 
plan proved satisfactory, but it was found necessary to avoid drawing 
any comparison between a fresh wire and one partly seasoned by use. 


TABLE II, 


Aluminium Wire Cathodes in Separately Ionized Hydrogen. 


Radius of wires: r1 = .06; rz = .20 mm. 
Polarization P.D.: 80 volts. Gas pressure: 1.48 mm. 


Current Between Wires. 


Ionizing Current. 


With Finer as Cathode With Coarser as Cathode. 
(A). (4). 


33MAjem!? | 5.0 X 107 M.A. 6.2X102 | 1.24 


.50 | 7.4 9.8 | 1.32 
.67 | 9.1 13.0 1.43 
83 10.2 14.6 1.43 
1.00 | 11.5 | 16.7 1.45 
1.17 | 12.9 | 18.8 1.46 
1.33 14.0 | 20.8 1.48 


Table II. gives results showing the effect of varying the ionizing 
current, when a pair of wires, respectively .12 and .40 mm. in diameter, 
are subjected to an applied (polarization) P.D. of 80 volts. The last 
column giving the ratio of the currents, shows that increasing the ionizing 
current augments the current to the coarser wire as cathode faster than 
to the finer. The ratio becomes nearly constant at the higher ionizing 
currents, though it varies rather rapidly at the lower. This effect is 
probably spurious, caused by the coarser wire interrupting the ionizing 
current more than the finer wire does, resulting in a relatively lower 
value of m there. Such an effect would naturally be diminished by 
intensifying the ionizing current. By using ionizing currents sufficiently 
large, this effect may be eliminated, but other variations during a series 
of measurements are likely to be accentuated. It therefore appeared 
advisable to compare wires which did not differ greatly in diameter, and 
use only moderate ionizing currents. 

Table III. shows the results obtained by varying the polarization P.D. 
and maintaining the ionizing current constant. It will be seen that 
these represent a sequence of comparisons, in that the coarser wire 
in the one set has the same diameter as the finer in the next. The 
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ratios of the currents, given in the last column of each set are practically 
constant for all values of the polarization P.D. At low-values of the 
polarization P.D., especially where the temperature velocity is supposed 
to affect the magnitudes, the results were found to be very uncertain. 


TABLE III. 
Wire Cathodes in Hydrogen. 


Ionizing current: .67 M.A./cm.? 


Current Between Wires. Ratio of C 
atioo ur- 
Finer as Coarser as rents. 
Cathode. | Cathode. = 

p = 1.90 mm 40 volts. | 5.05x10*M.A. 7.3X107 M.A. 1.44 
n= .06mm. 60 6.8 9.6 1.41 

t= .20 | 80 8.4 11.5 1.37 
= 1.50 100 9.9 13.6 1.37 
| _ Mean: 1.40 

p = 1.57 25 5.45 6.15 1.13 

40 | 7.4 8.2 1.11 

= .20 50 8.6 94 1.09 

rs= .25 60 | 9.6 10.3 1.07 

70 10.7 11.8 1.10 

(r3/r2)"/? = 1.08 80 11.8 13.0 1.10 
90 13.0 14.3 1.10 

100 | 

Mean: 1.10 

p=183 — 25 6.1 7.05 1.15 

40 8.0 9.2 1.15 

= .25 50 9.0 10.3 1.14 

.38 60 10.0 11.5 1.15 

70 11.2 12.7 1.13 

(ra/rs)¥3 = 1.15 80 12.2 14.0 1.15 
90 13.4 1.14 

Mean: 1.14 

pb = 1.60 25 (6.4 7.2 1.12 
40 8.3 9.25 1.11 

m= .38 50 9.45 10.4 1.10 
t= S51 60 10.3 11.7 1.14 

70 11.4 (12.9 1.13 

(re/r)¥/8 = 1.10 80 12.4 14.0 1.13 
90 13.6 15.2 1.12 

Mean: 1.12 


For comparison with the current ratios there is given in each set 
he cube root of the ratio of the radii of the wires. With the exception 
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of the first set, in which the coarser wire was more than three times the 
diameter of the finer, the two ratios are very nearly the same. Wires 
of larger diameter could not be used because they visibly interrupted the 
ionizing current. 

Accepting the conclusion that the current to a given length of cathode 
is practically proportional to the cube root of its radius, it follows that 
the current density at the cathode is inversely proportional to the two thirds 
power of the radius. For wires then, eq. (1) takes the form 


= 


for values of Vz well above those at which the temperature velocity of 
the ions entering the polarization region produces an appreciable effect. 
It is to be noted however that this does not necessarily invalidate the 
applicability of the theory by which eq. (1) was deduced. For, in the 
theory, the value of j is at the entrance to the polarization region instead 
of at the cathode; though with plates the two are equal. If the extent 
of the polarization region is finite, the above variation with wires of 
different diameters should be expected from the theory of reflection. 
For there the current density at the entrance to the polarization region 
is supposed to be expressed by equation (1), irrespective of the form of the 
electrode. 


THE BRACE LABORATORY, 
UNIVERSITY OF NEBRASKA, 
February, 1918. 
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SIMPLIFIED THEORY OF THE CATHODE FALL IN GASES 
WITH APPLICATION TO PLATES AND WIRES. 


By C. A. SKINNER. 


HE “cathode fall’ designates the difference in potential between 
the cathode and the highly conductive “‘negative glow”’ when a 
glow current is maintained in a rarefied gas. It is measured by connect- 
ing an electrometer between the cathode and a probe wire inserted in any 
part of the negative glow. The measurements show it to be made up 
of two distinct, though interdependent, parts: (a) the P.D. between 
the negative glow and a point in the gas near the cathode; and (d) a 
polarization P.D. between this point and the cathode, arising from a 
very pronounced accumulation of positive ions there. With the smaller 
current densities (a) is usually somewhat larger than (0). With increas- 
ing currents (a) usually decreases and (6) always increases, soon becoming 
much the larger of the two magnitudes. 

The polarization P.D. has been the subject of special investigation 
during the last two years.! It is conceived to arise from a reflection of the 
discharging ions from the cathode. It appears to be proportional to 
the potential gradient per mean free path of the positive ions just before 
they enter the polarization region. The factor of proportionality varies 
distinctly with different metals, but scarcely appreciably with the gases 
used—hydrogen, nitrogen, oxygen. The fall in the gas between the 
negative glow and the polarization region requires a more complicated 
explanation. 

In view of the theory which follows, a very simple approximate 
description of what is conceived to take place will suffice. Under 
the bombardment by the accumulated positive ions, a very small electron 
current—of the order, 10-* amp./cm.*—is liberated from the cathode. 
Driven through the gas by the intense electric field, the electrons double 
in number at every ionizing collision, and produce at the same time, of 
course, an equal number of positive ions. Since it is safe to assume no 
appreciable recombination, the negative current at any point is measured 
by the number of electrons produced per second from the cathode up 
to that point. Likewise the positive current is measured by the influx 
of positive ions per second from the negative glow, plus the number 


1C. A. Skinner, Puys. REv., N. S., IX., pp. 97 and 314, 1917; also current issue. 
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produced per second between the negative glow and the point considered. 
Conditions in the negative glow permit a relative evaluation of these 
two currents. The potential gradient there being a minimum, the 
density of charge is necessarily zero, which means that both signs have 
equal density. The gradient being very small there, the mobilities of 
the positive and negative ions may be assumed equal. Equal densities 
and equal velocities mean that 


—— the positive and negative cur- 
rents are equal. 
\\ Fig. 1 illustrates the change 
: \ in their magnitudes between 
S ‘ the negative glow and the cath- 
\ aie — ode for an ideal case in which 
/ ; the ionizing intervals are equi- 
di 
istant throughout. In the 
/ negative glow (xo) the positive 
ae and negative current curves 
-/0 x Xe 


; coincide. At one ionizing inter- 
Hypothetical negative and Ge the 

, negative drops to one half its 
value at xo, and the positive 
rises by the same amount to three fourths of the total current. At two 
intervals the negative is only one eighth, while the positive is seven eizhths 
of the total; and so on, until all appreciable current is carried by the 
positive ions. 

In a former contribution! the resulting potential curves were calculated 
for two extreme cases. One assumed no ionization between the cathode 
and the negative glow—4. e., an ionization constant equal to zero. The 
other assumed that an electron ionized a molecule whenever it had 
dropped through its ionizing potential.2, Both assumptions gave expres- 
sions having the same functional form and led to the discovery of some 
interesting relations between the magnitudes involved. 

The simplicity of the theory which assumes the negative glow to be 
the sole source of the ions makes it easily applied to wire cathodes as 
well as plates. Inspection of the curves of Fig. 1 makes it appear quite 
possible that such a source at say xo’, nearer the cathode than the point 

1C. A. Skinner, Pays. Rev., N. S., V., p. 483; and VI., p. 158, 1915. 

2 This was evidently not made sufficiently clear, for H. A. Wilson (Puys. REv., VIII., 
p. 227, 1916) states that I assumed an ionization constant equal to unity in developing my 
theory, which is not entirely correct. In the preliminary setting up of the theory, for sim- 


plicity’s sake the ionization constant was assumed unity; also in determining the electron 
current from the cathode. Otherwise, the mean of the above extremes was used. 
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(xo) of minimum gradient, might furnish a theoretical potential curve 
in practical agreement with the observed values. This idea was applied 
first to plane cathodes with fairly satisfactory results. It was then 
extended to wire cathodes with the surprising result that theory and 
observation were found in perfect agreement throughout the entire space 
between cathode and negative glow. 


THE SIMPLIFIED THEORY. 


For a Plane Cathode——Assume a uniform source of ions in an infinite 
plane x = xo, so that between it and the boundary x = x, of the polariza- 
tion region of an infinite plane cathode, there is a uniform current density 
j entirely of positive ions from the source x». Let the potential gradient 
0V/dx be zero at x9. The problem is to calculate the difference of poten- 
tial (Vo — V) between xo and any plane x lying between x» and x». 

As a basis for the theory we have first the law of density of charge 
when the equipotential surfaces are plane and parallel: 


Ox? 


= — (1) 


where is the number density of the positive ions and e the ionic charge. 
In addition we have the law of mobility of the ions, which gives the rela- 
tion between the current density j and the gradient 0V/dx 


(2) 


where U is the velocity of the ions in cm./sec. when the gradient is one 
volt per cm. 
Equation (1) is based on the electrostatic system of units. In the 
practical system it becomes 
Ox? 
Combining (2) and (3), solving the resulting equation for dV/dx, and 
introducing the condition that at x9, dV/dx = 0, we obtain 


= — 3.6 X 10” zne. (3) 


aVv 1/2 
= 7.2 x 10% | . (4) 
Solving this for V gives 
1/2 
Vo — V = 3.17 X 1o'( 2) (x — xo)*, (5) 


These equations (4) and (5) are applied later. Before these applica- 
tions are taken up, however, the corresponding equations for cylindrical 
cathodes will be developed. 
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For Cylindrical Cathodes.—For a cylindrical cathode of infinite length 
and coaxial cylindrical equipotential surfaces (1) takes the form 


( 
ary 


in the electrostatic system of units, where r is the radius of the equi- 
potential surface having the potential V. In the practical system of 
units this becomes 


aV 
) 3.6 X 10” (6) 


Equation (2) for this case remains the same with 7 in place of x. The 
variable j needs, however, to be eliminated by introducing the current J; 
per unit length of the wire. 

I, = 


Substituting this in (2) we hav2 for te second conditional equation 
I, = — 2xrneU (7) 


Combining (6) and (7), solving for dV/dr, and introducing the experi- 
mental condition that at 7o, the source of ions, dV/dr = 0, we obtain 


aV r—re\'? 
ap = 1-34 X 10 ( U ) (8) 


r 
Throughout the range of our problem dV/dr is positive and ro greater 
than r. Equation (8) requires J; to be negative, as it should, the direc- 
tion of flow of the positive electricity being that of the decreasing gradient. 
For convenience, however, we wish to use J; as a positive quantity. 
In that case (8) becomes 
i 


aV ‘ 1/2 
134 10°(F ) (9) 


Solving this for V, and introducing the condition that at r = ro, V = Vo, 
we obtain 


a)" [3 r+ = (¢/r0)* 
Vo—V 134 X 108( 7 ro} 1 


2 
where V is the potential at any radius 7 between the source of ions ro 
and the polarization region at the cathode surface. 
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EXPERIMENTAL. 


Plane Cathode—Aluminium in Hydrogen.—For applying (5) to plane 
cathodes, advantage was taken of the permissibility of averaging the 
results obtained at different gas pressures, by reducing them to their 
equivalent at one millimeter pressure. This was effected by taking 
at each pressure the normal current density as the unit current density, 
and the mean free path of the electron in the gas as the unit of distance. 
The potentials in this gas are then found to be within the working range 
of pressures, independent of the pressure used.! 


TABLE I. 
Plane Aluminium Cathode in Hydrogen. 
Gas pressures: p = 1.5 to 3.0 mm. 


from st. for 

02cm) — — |1146 | — | — | 101 —| — | 925 

1 | 072 | — — 107 | — — 9 | —| — | 79 
2 | 99 volts) 94 94 1129 75 75 | 166 | 61 | 61 
3 | .216 | 112 82 82 |144 60 61 | 182 | 45 | 45 
4 .288 | 124 69 70 47  48.5| 197 | 30 | 30 
5 | .36 135 58 59 | — 37 —|— | 18 
6 | 43 — | 485/178 | 26 | 2 | — 
7 | .505 | 155 38 39 | — | — | 17 
74 | 535 | | | | 0 
8 | 575 | — — 30 (1935 105; 9 | —| — 
9 65 | 171 22 
98 705 | — — | 15 |2005| 35} | 227|° 0 
| 181 29) — | 
12 | 86 | — — | 
13.3 .96 — 0 | 
15.3 1.10 | 193 | 


Table I. gives the means obtained—with a plane aluminium cathode 
(diam. 2 cm.) in a tube 3 cm. in diameter—from four different pressures 
of hydrogen distributed between 1.5 and 3.0 mm. of mercury. The 
first column gives the distance from the cathode in free paths of the 
electron—one m.f.p. = .072 cm. at one millimeter gas pressure. The 
second gives the corresponding distance in centimeters when the gas 
pressure is one millimeter. The third gives the observed P.D. between 
the cathode and the probe wire inserted at the given distance. The 


1C. A. Skinner, Puys. REv., VI., p. 158, 1915. W. L. Cheney, Puys. REv., N. S., VII., 
p. 241, 1916. W. Neuswanger, Puys. REv., N. S., VII., p. 253, 1916. 
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last quantity in this column is the cathode fall Vo. The fourth column 
gives the P.D. (V) — V) between the point considered and the negative 
glow. 
The fifth gives the value of (V» — V) calculated from (5), after first 
using this equation, together with the values of V at 2 and 9 m.f.p., 
to locate the position xo of the equiva- 
lent source of ions giving the same 
cathode fall Vo. This value of xo 
was calculated to be 13.3 m.f.p. from 
the cathode, where the observed dis- 
tance is 15.3 m.f.p. The same process 
was repeated with twice-normal and 
four-normal currents. 

On comparing the observed and 
calculated potentials the agreement 
is found to be very satisfactory ex- 

, cept near the negative glow, and 
there the divergence does not exceed 

' Fig. 2. 4 volts on observed magnitudes of 

Potential curves with plane cathode. 
200. Fig. 2 gives a graphical rep- 


_resentation of these results—the theoretical potential curves being rep- 


resented by the full lines, and the observed magnitudes by circles and 
broken line curves. The divergence is what one should expect from the 
illustrative curves of Fig. 1. 

It is well to note here that too much weight might be given to this 
agreement between the observed and theoretical potential curves. To 
illustrate this fact, we may state that equally good agreement was found 
when, instead of the ordinary mobility law, the velocity of the ions was 
assumed proportional: (a) to the square root of the potential gradient; 
or, (b) to the square root of (Vo — V). These last two assumptions fail 
completely, however, when an attempt is made to compare the magnitudes 
obtained under different current densities. 

A more crucial test of the applicability of the present theory is made 
by calculating the value of U for the different current densities. Table 
II. gives the results of such a test. In the first three columns are the 
quantities entering into the calculation, taken from Table I. The last 
gives the values of U derived from substituting these in (5). Inasmuch 
as these are for a gas pressure of one mm. they are designated by U; 
instead of U. 
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TABLE II. 
The Calculated Mobility of the Ions. 


2x0). | (Yo—-V). 
Normal current density. ......... 7.8X10%amp./cm.? .815 cm. | 94 volts; 4.8104 
15.6 .575 75 5.2 
31.2 61 5.0 


The different values of U; are in good agreement, but twelve times as 
large as the magnitude—4.3 X 10*—calculated by the law of mobility 
from measurements made at atmospheric pressure.! 


WIRE CATHODES IN HYDROGEN. 


To develop a simple theory applicable to wire cathodes was the prin- 
cipal object when this investigation was undertaken. The foregoing 


application to plates was carried 


through primarily to find out if the P 

simplified theory gave promise of suc- + 

cess. This being the case, a similar 

investigation with wire cathodes was K yl 
undertaken. } 


- Apparatus.—In Fig. 3 is a diagram 
of the tube used—diam. 3 cm. The 
wire cathode K lies in its axis. The Fig. 3. 
potentials in the gas were measured 
by means of the bent probe wire W whose axis of rotation was par- 
allel to K. This arrangement permitted the part of the probe ex- 
tending beyond its fine glass sheath to be readily shifted into any of 
the concentric equipotential surfaces encircling K. Its position was 
readily obtained from that of the indicator P on the circular scale S. 
The diameter of the circle described by the probe—20 mm.—was obtained 
by mounting it in another bearing and measuring the shift in position 
of the probe when rotated through 180°. The diameter of the circle 
of reference S was 30 cm. The measured distance of the probe from 
the axis of the cathode is subject to certain systematic errors. One 
arises from the impossibility of determining exactly when the path of 
the probe passes through the axis of the cathode. Another arises from 
the difficulty in determining just how far the center of the probe is from 
1 The upper and lower limits of this mobility given in a former article (PHys. REv., VI., 
p. 162, 1915) was 3.6x 104 and 2.2x 104. These should have been just twice as large— 


7.2 x 104 and 4.4 x 10‘—as an integrating factor 2 was, through oversight, dropped from the 
equation used. The same errors exist in both Cheney’s and Neuswanger’s determinations. 
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the cathode surface at its nearest position. This was estimated from 
the position of P on the scale S when the probe was brought to a distance 
from the cathode equal to its own diameter—.12 mm.—as determined 
by the aid of a reading lens. A third error arose from the impossibility 
of making the exposed part of the probe perfectly straight and setting 
it exactly parallel to the axis of the cathode. All these errors were 
sufficiently reduced to be neglected except in case of measurements very 
close to the cathode surface. The effect of these errors naturally in- 
creased as the cathodes were reduced in diameter. 

Another error, though not systematic, was found to have a distinctly 
greater effect than the others. This arose from the difficulty of locating 
with sufficient accuracy the position ro of eq. (10), where the gradient 
began to rise from its minimum in the negative glow. This boundary 
in the case of wires is not nearly so distinctly marked by the luminosity, 
as is the case with plates; and furthermore the effect of a small change 
in the magnitude of 7) on the calculated magnitudes is greater than with 
plates. This effect is also larger with finer cathodes because the distance 
of the negative glow from the surface is about the same for all. Its 
theoretical position can be determined from eq. (10) and the rest of the 
potential curve only by a method of approximation too cumbersome to 
apply. The plan followed was to take the mean of several settings; and, 
in some cases to take this mean for various current densities; plot these 
values of 7» against the current densities, then use the smooth curve thus 
obtained to get the most probable value of ro. 

The current was furnished by a battery of small lead storage cells and 
measured by a Weston milliammeter. The potential difference between 
the cathode and the probe was measured as usual by a well-insulated 
quadrant electrometer. 

The cathodes were of aluminium wire, smoothed with fine emery cloth, 
polished with infusorial earth, and rubbed clean with new cloth. 

Hydrogen was introduced by diffusion through a palladium tube kept 
in a glowing condition by a stream of commercial hydrogen. 

Measurements.—Table III. gives the results from an aluminium wire 
2.00 mm. in diameter, at three different current densities. The first 
column gives the radial distance from the axis of the wire in centimeters. 
The second, fifth and eighth columns give respectively the observed 
P.D. between the cathode and the point considered. From each of these 
the corresponding values of (V) — V) are obtained, Vo being the value 
of V at the bottom of the column. In this set of observations 79, the 
point where the gradient begins to rise was in each case determined 
from a single setting of the probe in the edge of the luminous striation 
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TABLE III. 


Aluminium Wire. 
Diam., 2.00 mm.; exposed length, 4.4 cm. Hydrogen, = 1.60 mm. 


I, = .32 X 10-8 Amp./Cm. 1, = .48 X 10-3, I, = .64 X 107%, 
Calc. Obs. Cale. | Obs. | Calc. 
| } | 
16cm. 140 volts 70 | 70 | 162volts| 73 | 70 | 179 volts 67.5 | 66 
21/159 | | S2 | 183 52 200 46.5 | 47 
255 |171 | 40 | 40 | 198 37 37.5 | 214 32.5 | 33 
305/180 30 | 30 | 207 28 «28.5 | 226 | 20.5 | 23.5 
35/188 $22 | 22.5 | 216 19 | 195 |234 | 125 | 15.5 
40 (195 16 165 | 223 42) «11.7 65 | 9 
445 | 200 11 | 11 | 228 7 8 |244 | 25 4 
495 205 | 65 | 232 3 4 | § | 15 
52 — |— |2465 | 0 0 
55 3 | | 233.5 15) 6 | 
585 | 209.5 | 5| | 235 0 | 0 | 
63 | 210 0 0 | | 
U.....| 5.8 X 10! 6.2 X 104 | 5.7 X 104 


which marks this point. As with plates, so with wire cathodes this 
method of locating ro is more accurate than the electrometer determina- 
tion, though both agree very well when averaged. 


TABLE IV. 


Aluminium Wire. 
Diam., 1.00 mm.; exposed length, 4.7cm. » =1.70mm. [i = .425 m.a./cm. 


| (Yo—-V). 
Distance (7). V. | 

| Obs. Calc. 

| | 
10 cm. 169 volts 69 | 78 
15 | 187.5 50.5 | 51 
205.5 32.5 31 
.265 216. 22. 20 
1315 227. 11. 11.5 
365 233. 5. 5.5 
42 236.5 1.5 1.2 
A55 238. 0 | 0 

| | 4.0 X 10 


From the various observed values of (Vo — V), r and ro—excepting 
those very near the negative glow—the mean value of the factor 
1.34 X 10°(J,/U)"? in equation (10) was calculated. Then using this 
factor, and the given values of 7 and ro, the various theoretical values of 
(Vo — V) were calculated for each current density. The agreement 
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here is distinctly better than with plates; for here, the observed position 
of minimum gradient is used, while with plates it was necessary to first 
locate the equivalent position of this point. 

At the bottom of the table the calculated value of U is also given. 
Here the agreement between different currents substantiates the theory. 

In Table IV. is given a characteristic set of values obtained with a 
wire 1.00 mm. in diameter. The error in 7o for such a fine wire begins 
to play a large part, so the magnitude given is the mean of several settings. 
The agreement between observed and calculated potentials is found to 


ve- 
200\- 
700\- 
' 
= i 
a 
Radial Distance (7) 
2 3 4 om 


Fig. 4. 
Potential curves with wire cathode. 


be very good, except near the cathode. The divergence there is probably 
to be attributed to the systematic errors already discussed. The value 
of U resulting from this set is only two-thirds that obtained in Table III., 
for almost the same gas pressure. On investigating what might be the 
expected variation in U arising from the natural experimental errors, 
it was concluded that both thicker cathodes and a more accurate deter- 
mination of ro were necessary for a reliable determination of U. 

A cathode 3.2 mm. in diameter was then chosen and after preliminary 
measurements had revealed that conditions were satisfactory, a very 
careful and complete series of observations was made. These are 
incorporated in Table V. and shown graphically in Fig. 4. In this series 
ro—the value of r at the end of each set—was first determined as the 
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" average of several settings. These resulting values were then plotted 
against the corresponding current densities. From the smooth curve 


TABLE V. 
Aluminium Wire. 
Diam., 3.2 mm.; exposed length, 3.2 cm. Radius: .16cm. Hydrogen, pressure = 1.5 mm, 


x10-* Amp. I,;=.9tX 107%, 1,;=1.22X 1078, | 


Dist. V. Vz 


Obs. Calc. Obs. Calc. Obs. Calc. Obs. | Calc. Obs. | Calc. 


18cm.) — 138 162.5 181 — | 193 — 211 
22 160 159.5 | 183 183.5 | 203 205 | 218 | 221.5; 230 | 241 
.28 185 183.5 | 210.5 | 211.5 | 232.5 | 236.5 | 254 | 253.5| 272 | 272 
33 199 200 228 228.5 | 254 255 | 274 | 275 297 295 
385 213 213 243 242.5 | 272 271 =| 294.5 | 292 313 | 313 
43 222 222 254 252.5 | 282 281 | 304.5 | 303 324 | 323.5 
48 230.5 | 231 262 261 289 289 | 312 | 311 331 | 331.5 


513 —}|/—]—-]—-]—;—|]—|— | 334 | 334 
523 | — | — | — | — | — | — | 315 

535 237 237.3 | 267.5 | 267 | 
54 — | — | — | — | 294 | 294 | 

57 — | — | 268.5 | 268.5 | | 


59 241 242 | | 


62 243 243 


U 3.45 104 3.45 X 104 3.35 104 3.3 X10* 3.35 10¢ 
U; 5.2 xX 108 5.2 X 104 5.0 xX 108 4.95 5.0 x 


thus obtained were taken the values given. An inspection of the table 
shows excellent agreement between the observed and calculated values 
of V. Only one observation in the entire series could be considered 
unsatisfactory, namely that at the nearest position to the cathode with 
the largest current. This may have been a blunder in reading the 
electrometer, but if so it occurred twice, for that was a checked reading. 

The calculated values of U at the bottom of the table are also found 
to agree exceptionally well with each other. In order to compare the 
mobility obtained here with that obtained with the plane cathode, the 
mobility U; for a gas pressure of one millimeter was calculated by simply 
multiplying the given values of U by the gas pressure—1.50 mm. The 
resulting value (5.1 X 10‘) is practically the same as that (5.0 X 10‘) 
furnished by the plane cathode, but the closeness of the agreement is 
considered accidental. 


THE POLARIZATION POTENTIAL AT THE CATHODE. 


The polarization at the cathode, as already stated, is conceived to 
arise from the reflection of the positive ions from the cathode. In a 
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former article (J. c.) it has been shown that the polarization P.D. is 
practically proportional to the potential gradient per mean free path 
of the positive ions just outside the polarization region. If these magni- 
tudes are proportional to each other,-the relation can be experimentally. 
tested with plane cathodes without knowing just how far the polarization 
region extends from the cathode; because with these the potential 
gradient is practically constant for some little distance out. But such 
is not the case with wire cathodes. It is well known that the luminous 
markings of the current are quite characteristic of conditions existing 
in the gas. Aside from the general markings familiar to all who have 
worked with the glow discharge, attention has already been called to the 
fact that the clear-cut boundary at the edge of the negative glow indicates 
the point where the gradient begins to rise, much more accurately than 
a probe in connection with the electrometer does. So with such an 
abrupt change in the gradient as occurs on entering the polarization 
region it is natural to expect that there might be a correspondingly 
abrupt change in the luminosity. This suggestion led to a rather careful 
inspection of the extent of the cathode glow—a luminous hood of light 
on the face of the cathode—which we are inclined to believe marks the 
extent of the polarization region. 

With the wire cathode used in Table V. a careful estimate of the 
thickness of this hood was made by bringing the probe up to its edge and 
then estimating the distance to the cathode in terms of the diameter of 
the probe. Two observers agreed that it was about .2 mm. thick and 
did not change appreciably with the current density. It is to the edge of 
this luminosity that the theoretical potential curves are carried in Figs. 
2 and 4, and Tables I. and V. The calculated potentials at this point 


are consequently taken as the polarization potentials. 


TABLE VI. 
For Plate Cathode. 
| 
078x107 186 018 3.3 23 
.156 | 103 228 4.1 25 
.312 134 270 4.9 27.5 


The potential gradient at the outer edge of this polarization region 
was calculated by substituting in equations (4) and (9) the necessary 
values from Tables I. and V. To obtain the P.D. per mean free path of 
the positive ions at this point, their relatively high velocity was taken 
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into account, so the m.f.p. of the molecule was multiplied by the the- 
oretical value V2. This gives for hydrogen at one mm. pressure about 
.18 mm. for the mean free path of the positive molecule-ion. 

Tables VI. and VII. give the results of these calculations made to 


TABLE VII. 
For Wire Cathode. 
| 

av av _—. 

h. | (2). »( 2). (3). 
.61X 1078 | 138 587 .012 7.0 19.7 
91 162.5 653 7.8 20.8 
1.22 181 725 8.7 20.8 
1.53 193 795 9.5 20.3 
1.83 210 840 10.1 20.8 


test the suggested relation. The last column in each gives the ratio 
sought. The plate shows an appreciable increase with current density, 
which might however arise from a change in the surface condition of the 
electrode with use; for, the greater the current the more rapid the change. 
With the wire the constancy of the ratio is quite evident. In this latter 
case check observations were made under the initial conditions after 
the series was completed, and it was found that no observable change 
had taken place—a very exceptional experience with this line of investi- 


gations. 
SUMMARY AND DISCUSSION. 


It is shown that an extremely small electron current, conceived to be 
liberated from the cathode under the intense bombardment of the 
discharging positive ions, may account for the ionization between the 
cathode and the negative glow. Since one-half the current in the nega- 
tive glow is carried by positive ions, and the rate of production of ions 
at any point is proportional to the total rate of ionization between 
that point and the cathode, it follows that: at one ionizing interval 
from the negative glow toward the cathode, the positive ions carry three- 
fourths of the current; at two ionizing intervals, seven eighths; and so on. 

It is conjectured that the actual conditions may be effectually repre- 
sented by simply assuming a localized source of ions either in the negative 
glow or somewhat nearer the cathode. With this as a basis the resulting 
potentials between the effectual source and the polarization region at 
the cathode are calculated for both plane and cylindrical cathodes. 

The theory is experimentally tested with aluminium cathodes in 
hydrogen. With a plate cathode the effectual source lies somewhat 
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nearer the cathode than the point of minimum gradient in the negative 
glow. Otherwise the theoretical curves fit the observations for different 
currents, and the various currents agree in furnishing the same value 
for the mobility of the positive ions. This mobility is however very large 
when compared with that calculated from measurements made at atmos- 
pheric pressure. 

With wire cathodes the agreement between the theory and observa- 
tions is practically perfect, the point of minimum gradient being also 
that of the localized source of ions. A series of observations with a 
relatively thick wire was made with special care. The different currents 
used agreed in furnishing practically the same value for the mobility of 
the positive ions as had already been obtained with a plane cathode. 

An increased mobility of the positive ions with the strong fields used 
here is to be expected, but the excessive magnitude obtained requires 
independent corroboration before this method of determining the mobility 
can be accepted as reliable. If the value is correct, then it appears 
likely that we have to do with atomic ions rather than molecular ions. 
This view for the negative ions has already been suggested to account 
for the observed rate of absorption of the gas at the anode. 

The closeness with which the simple theory of localized ionization fits 
the results obtained with both plane and cylindrical cathodes is strong 
evidence of an excessive degree of ionization in the negative glow as 
compared with that in the space toward the cathode. The results seem 
to indicate a condition of ionization existing here similar to that exhibited 
by a rays—namely, increasing ionization with decreasing velocity. Such 
a condition would make the hypothetical curve for the positive current 
in Fig. 1 still more abrupt and shift the effectual source x9’ nearer to Xo. 
Since the polarization P.D. at the cathode and the field strength in the 
gas is about twice as large with the wire as with the plate, the effectual 
source should be therefore, as observed, nearer the point of minimum 
gradient in case of the wire. 

It is suggested that the polarization region at the cathode is marked 
in extent by the cathode glow—about .2 mm. thick. Accepting this, the 
polarization P.D. is found to be proportional to the potential gradient 
per mean free path of the positive ions at their entrance to this region. 

H. A. Wilson (I. c.), denying the existence of cathode polarization, 
concludes that the consequent bombardment of the cathodes by the 
positive ions is insufficient to furnish the necessary electron emission 
from the cathode to maintain the current. He has instead applied 
Townsend’s theory of ionization by the positive ions to account for its 
maintenance. Since Wilson published his article, results from a separate 
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cathode placed in the negative glow, and similar observations by Tate 
and Foote! with a separate anode, seem to establish beyond reasonable 
doubt the existence in general of electrode polarization. From Cheney’s 
investigation? it is to be concluded that a much larger electron current 
than that deemed necessary in the present case, is emitted by a cathode 
when the bombarding ions have sufficient velocity. In a recent article® 
indirect evidence is given that an aluminium cathode in hydrogen and 
oxygen emits an appreciable electron current when the polarization P.D. 
is equal to or even less than that found with the ‘‘normal’’ cathode fall. 
Furthermore, while Townsend himself obviously prefers the hypothesis * 
that positive ions produce the necessary ionization in the gas, he shows‘ 
that it would be impossible to determine from his results whether the 
hypothesis of ionization by positive ions, or that of the liberation of 
electrons from the cathode is the better. With the accumulating 
evidence of electrode polarization, the latter hypothesis is greatly 
strengthened and the former correspondingly weakened by the probable 
existence of a disturbing cathode polarization in Townsend's experiments. 
If such were the case his supposedly constant field strength, with increas- 
ing distance between the electrodes, was in reality an increasing polariza- 
tion P.D. at the cathode at the expense of the rest of the field. The 
result would be to increase the electron current from his cathode as the F 
distance between his electrodes increased, introducing a corresponding : 
error in the value of both of his ionization constants. This impression 


strengthens when it is realized that Townsend carried out his measure- a | 
ments at glow-current pressures and under practically glow-current : 
potentials. as 
THE BRACE LABORATORY, 
UNIVERSITY OF NEBRASKA, x 
February, 1918. 
1 Tate and Foote, Wash. Acad. Sci., Sept. 19, 1917. : 
2W. L. Cheney, Puys. REv., October, 1917. 
C. A. Skinner, Puys. REv., current issue. 
4 Townsend, Electricity in Gases, p. 330. ; 
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THE MAGNETIC PROPERTIES OF SOME RARE EARTH 
OXIDES AS A FUNCTION OF THE TEMPERATURE. 


By E. H. WILLIAMs. 


HE existence or non-existence of the magneton, the elementary 
quantity of magnetism corresponding to the electron of elec- 
tricity, has attracted the’ attention of investigators since it was first 
suggested by Ritz. Much work has been done, especially by Weiss, 
Kammerling Onnes, du Bois, Honda, Perrier, Piccard and Terry, and 
while the preponderance of the results obtained by these investigators 
is against the elementary moment of magnetism as suggested by Weiss, 
yet the idea is still strongly maintained by some. Within the last three 
years Piccard! maintains that there is a group of bodies (paramagnetic) 
which obey strictly Curie’s law and hence he argues that the foundations 
of the theory are sound and there is still evidence in favor of the magneton. 
Not only was it hoped to get evidence for or against the magneton 
theory, but the opportunity to obtain from the Chemistry Department 
of the University of Illinois rare earths in a very pure state from which 
were being made atomic weight determinations made it desirable to 
investigate their magnetic constants. My thanks are due to Dr. Hopkins 
and his associates of the Chemistry Department for their hearty co- 
operation in supplying me with samples of the rare earth materials. 
The method used was that of Curie? which consists in measuring the 
pull exerted on an object placed in a non-uniform magnetic field. Accord- 
ing to this method X, the magnetic susceptibility per unit mass, is given 
by the expression 


(1) 


providing the force is measured by means of the twist of a suspension. 
In this expression M is the mass of the sample, H, the field at right angles 
to the direction of motion of the sample, 0H,/d, the variation of this 
field along the direction of motion, C the couple necessary to twist the 


1 Piccard, Arch. des Sci. Phys. et Nat., 40, 278, 1915. 
2P. Curie, Ann. de Chem. et de Phys., (7), 5, 298, 1895. 
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suspension through one radian, ¢ the angle of twist in radians and / the 
lever arm from the line of suspension to the sample. 

The torsion balance was contained in a wooden box put together 
without the use of any magnetic material. The suspension consisted of 
a phosphor-bronze wire the torsion couple of which was 940 dyne cm. at 
25°C. It was found that this varied with the temperature, the variation 
being about — 0.6 dyne cm. for 1° C. Since, in some cases, the box 
containing the torsion balance warmed up five or six degrees Centigrade, 
a correction was made for the variation of the torsion couple. 

During the first part of the work an aluminum rod was used for the 
lever arm and pointer of the balance but the zero corrections for this 
were so large that it was deemed advisable to find another system. The 
system finally adopted consisted of glass which was slightly diamagnetic 
counterpoised with a small amount of aluminum which was slightly 
paramagnetic. By using the right amount of aluminum the zero correc- 
tion could be made very small. 

Several sets of values of H, and dH,/dx were plotted and from the mean 
curve values were taken for the product H,(dH,/dx). These products 
were in turn plotted and the point in the field where the product was a 
maximum was determined. The apparatus was now set so that the center 
of the test coil was at the point in the field where the product H,(dH,/dx) 
Was a maximum and the valves of H, and dH,/dx determined for various 
currents in the electromagnet. The mean of four such sets is given in 
Table I. 


TABLE I. 

H. AH/AX H(AHIAX.) 
1.5 amp. | 1020 205.4 209.5 x 108 
2.0 1352 273.7 370.1 
2.5 1687 338.5 571.1 
3.0 2012 407.2 819.2 
3.5 2351 473.0 1112.1 
4.0 2659 530.7 1411.0 
4.5 2968 | 596.4 1770.0 
5.0 3267 648.9 2120.0 


The couple C necessary to twist the suspension through unit angle was 
found by the ordinary vibration method. An accurately turned disc 
and ring were used for known moments of inertia and C calculated from 


the formula 
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where I is the known moment of inertia added to change the period from 
t tot’. 

The oxides of seven of the rare earths, namely, erbium (Er.Qs), 
dysprosium (Dy2O3), gadolinium (Gd.O3), samarium (Sa:O3), neodymium 
(Nd2O;3), lanthanum (La,O;) and yttrium (Yt2O3), were investigated. 
Before using any of the oxides, they were heated to a temperature of 
about 100c° C. in a platinum crucible in order to decompose any carbonate 
which may have formed and to drive off all moisture. 

The samples under investigation were contained in a silica capsule 
which was fitted to one arm of the torsion balance. The balance, with 
thermocouple and empty capsule in place, was first calibrated for fields 
due to currents of from 1.5 to 5 amperes and for temperatures from 25° C. 
to 300° C. 

Table II. gives a sample set of data for Gd:O3 with the thermocouple 


TABLE II. 
Gd20; 99 + Per Cent. Pure. 
Mass of sample = .11912 gm. Lever arm of sample = 10.55 cm. Scale distance of 
torsion balance = 105.7 cm. 


21.8° C. | 1.5 amp. | 7.81 cm. 7.59 cm. 128.3 
2.0 13.79 13.47 128.9 
21.31 20.93 129.8 
30 30.21 29,86 129.1 
Mean.......... 129.0 
103.2 | 6.12 101.1 
2.0 10.93 104.6 
| 2.8 16.80 16.64 103.2 
3.0 (23.74 23.61 102.1 
35 (31.82 31.75 101.1 
| | Mean.......... 102.4 

| | | 
178.0 | 1.5 5,16 85.5 
9.13 9.04 86.3 
-| 2.5 14.15 14.10 87.2 
3.0 20.03 20.03 86.4 
" 3.5 26.63 26.73 84.9 
| 86.1 
269.5 1.5 Aas 4.07 68.6 
“ 2.0 7.43 7.37 70.3 
“ 2.5 11.65 11.63 71.9 
. 3.0 16.49 16.59 71.5 
. 3.5 21.87 22.10 70.2 
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and torsion balance readings omitted. Four such sets of data were 
taken with different samples of the same material. One curve repre- 
senting the four sets of data was drawn in which magnetic susceptibility 
was plotted against temperature. From this curve values were taken 
to test Curie’s law. 

In like manner the other oxides were tested and results plotted. 
_ From these curves the results in the first and third columns of Tables 
III., IV., V. and VI. were obtained. For each temperature the value of 
the magnetic susceptibility X, is the mean of the values obtained from 
four or five fields as in Table II. 


TABLE III. 
Gadolinium Oxide 99+ Per Cent. Pure. 


| 


t. YX 108, X 108, AX( T+ 12) X 108, 

20 | 293 | 130.1 38119 39680 

60 333 | 115.1 38328 | 39709 
120 393 | 98.2 38593 39771 
180 453 85.5 38731 39757 
240 513 75.6 38783 39690 
3000 573 67.8 38849 39663 

TABLE IV. 


Erbium Oxide 90.6+ Per Cent. Pure. 


t. VX 108, V7 108, A( 7+ 13.5) X 10°, 
20 293 189.1 55406 57954 
60 333 167.2 55678 57935 

120 393 142.6 56042 57967 

189 453 124.4 56354 58033 

240 513 110.1 56462 57969 

280 553 | 102.2. 56516 57895 


TABLE V. 
Dysprosium Oxide 99.5-+ Per Cent. Pure. 


t. 108, ATX 108, | A( 7+ 15) X 10°. 

20 293 | 234.1 68591 | 72103 

60 333 | 207.4 69064 72175 
120 393 | 176.7 69443 + 72094 
180 453 | 153.9 69717, 72025 
240 513 | 136.6 70076 72125 
300 573 | 122.6 | 70250 | 72089 
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TABLE VI. . 
Neodymium Oxide 99.5+ Per Cent. Pure. 
t. XX 108, | 108. T+ 44) X 10°. 
| 
23 296 29.3 8672.8 9962.0 
103.4 376.4 23.7 8920.7 9963.5 
179.4 452.4 19.8 | 8957.5 9828.7 
283.0 556 16.6 | 9229.6 9960.0 
TABLE VII. 
Samarium Oxide 99.5+ Per Cent. Pure. 
Temp. XX 108. 
22.3 6.02 
101.8 5.93 
270.2 5.98 
Mean........... 5.98 


TABLE VIII. 
Lanthanum Oxide 99+ Per Cent. Pure. 


Temp. Corrected Def. 108, 
2025 | —0.09 —0.49 
“ 2660 | —0.13 —0.41 
3010 —0.14 —0.36 
—0.40 
TABLE IX. 
Yttrium Oxide 990.5-+ Per Cent. Pure. 

Temp. | Hy Corrected Def. X X 108, 

22° C, | 2025 09 60 

2351 11 

2660 48 

3328 52 

Mean 


Samarium oxide, Table VII., shows no variation of magnetic suscepti- 
bility with temperature. Three sets of data similar to that in Table II. 
were taken, all of which are summarized in Table VII. In the case of 
lanthanum oxide and yttrium oxide, Tables VIII. and IX., the magnetic 
susceptibility was so small that no attempt was made to study the varia- 
tion of the susceptibility with the temperature. In the case of lanthanum 
oxide the magnetic susceptibility is negative, thus indicating that this 
oxide is diamagnetic whereas all the others are paramagnetic. 
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According to Curie’s law the susceptibility of paramagnetic bodies 
times the absolute temperature is equal to a constant; that is, XT = con- 
stant. An examination of Tables III., IV., V. and VI. shows that the 
law does not hold for any of the materials investigated. However, they 
are found to follow quite closely a modification of Curie’s law, namely, 
the susceptibility times the absolute temperature plus a constant is 
equal to a constant, X(T + 6) = constant, in which each material has 
its own value of 6. 


TABLE X. 
Williams. Levy. 

Oxideof X X 108 X X 108 
as G2 C.) —.14 
130.1. (20° C.) 161. 
234.1 (20° C.) 290. 


Table X. gives a summary of the results obtained together with results 
quoted by Levy in his book on ‘‘The Rare Earths,” page 153, 1915. 

Various explanations have been advanced for the variation from 
Curie’s law. Oosterhuis,! from a consideration of zero point energy, 
deduces an explanation as follows: 

Taking the value of the rotational energy of the molecule as deduced 
by Einstein and Stern? to be 


hn 
U = — + Yohn, 
where h is Planck’s constant and m the frequency of the rotation, and 
further assuming that this rotational energy is inversely proportional 
to the magnetic susceptibility X as developed by Langevin,*, Oosterhuis 
deduces the relation 


X(T +6) =C, where = 
Since 


where IJ is the moment of inertia of the molecule, he concludes that mole- 
cules with a small moment of inertia will have a large value of @, a large 
zero point energy (14hm9) and deviate markedly from Curie’s law. 


1 Phys. Zeit., 14, 862, 1913. 
2 Ann. d. Phys., 40, 551, 1913. 
3 Ann. Chem. Phys., (8), 5, 70, 1905. 
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Although the results given above (Tables III., IV., V. and VI.) follow 
a modified form of Curie’s law, @ does not vary inversely as the moment 
of inertia of the molecule as is shown in Table XI. 


TABLE XI. 

Oxide. At wr 6. Molecular Wt. Molecular Wt. 
167.7 13.5 383.4 5176 
Dysprosium........ 162.5 15. 373.0 5595 
Gadolinium........ 157.3 12. 362.6 4351 
Neodymium....... 144.3 44 336.6 14810, 


Starting from an entirely different viewpoint Kunz! has derived the 
same expression for the variation of the magnetic susceptibility with the 
temperature. He points out that since it is quite likely that the electrons 
responsible for the paramagnetism revolve in the outer layer of the atom, 
the molecular moment will be the resultant of all the atomic moments of 
the atoms. Furthermore, with increasing temperature, it is quite likely 
that the atoms share the energy of temperature agitation which also will 
affect the resultant magnetic moment of the molecule. Therefore, in 
general, we may express the molecular moment as 


M = M)f(T). 


In solid or liquid paramagnetic substances the forces which oppose. 
the tendency of the external field to direct the elementary magnets is 
composed of the temperature agitation RT together with a force due to 
the mutual effect of the molecules on each other and which would be a 
certain function of the temperature fi(7). With these assumptions 
Kunz obtains for particular values of f(T) and f,(T7), 


X(T + 6) = constant. 


All of the substances included in this investigation which vary with the 
temperature obey the modified Curie law instead of the law itself. In the 
case of samarium oxide the magnetic susceptibility is found to be inde- 
pendent of the temperature. This is also probably true of lanthanum 
oxide and yttrium oxide. 

It may appear from Table II. that the magnetic susceptibility varies 
with the field strength thus indicating that the substance is ferromagnetic 
in nature but the remainder of the data does not bear out this conclusion. 
In some cases the magnetic susceptibility came out very nearly constant 
for the different field strengths, while in others it varied in the opposite 
way to which it appears to vary in Table II. A careful study of all the 
data leads one to conclude that all the oxides are paramagnetic. 


1 Puys. REv., VI., 2, 113, 
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It was thought worth while to test the accuracy of an analysis of rare 

earths by the magnetic method. To do this two pure substances were 

mixed in known proportions and the magnetic susceptibility of the 

mixture determined. The results, given in Tables XII. and XIII., 

show very close agreement between the percentage by weight and the 

percentage by the measurement of the magnetic susceptibility. The | 

magnetic method would not be adaptable if the mixture consisted of 

more than two substances. 


TABLE XII. 
Per cent. of ErzO; by weight................. 57.45 per cent. 


Per Cent. by the Magnetic Method. | 


Substance. VX 10, 
Er,O; (99.6 per cent. pure).................. 137.4 C.) 
Yt2Os3 (99.6 per cent. pure).................. 
Per cent. ErzO; by the magnetic method....... 57.71 per cent. 
TABLE XIII. 
Per Cent. by Weight. 
Per cent. of Ere O; by weight................ 50.79 per cent. 


Per Cent. by the Magnetic Method. | 


Substance. VX 106, 
Er,O; (99.6 per cent. pure)................... 187.9 (at 21.7° C.) 
Sa2O; (99.5 per cent. pure).................. 5.98 
Per cent. of ErzOs; by magnetic method........ 51.08 per cent. 
SUMMARY. 


The mass susceptibilities for the oxides of erbium, dysprosium, gado- 
linium, samarium, neodymium, lanthanum and yttrium have been meas- 
ured for temperatures from 25° C. to 300° C. and all found to be para- 1 
magnetic with the exception of lanthanum which was slightly dia- 
magnetic. 

In those cases where the susceptibility varies with the temperature 
Curie’s:law is not found to hold but the results follow quite closely a 
modification of this law, namely, X(T + @) = constant. It follows that 
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in so far as Curie’s law is essential to the existence or determination 
of the magneton the results obtained are unfavorable. 
The magnetic susceptibility does not vary with the field strength. 
The results are explainable either by the theory worked out by Kunz 
or the zero point energy theory of Oosterhuis. 
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EXTREME ULTRA-VIOLET SPECTRA OF Hot SParKs IN HiGH Vacwva.! 


By R. A. MILLIKAN AND R. A. SAWYER. 


N 1905, while working upon the spark potentials between metal electrodes 
in very high vacua, one of us observed that when the electrodes were a 
millimeter or less apart it was possible to obtain from condensers charged 
with a static machine, hot metallic sparks when the vacuum was so high that 
gases apparently, played no rdéle in the discharge. The potentials required 
to produce these hot sparks, amounting to 150,000 volts per millimeter under 
certain conditions, were altogether independent of the pressure of the residual 
gas, provided this was sufficiently low, for example, between 1075 and 1078 
millimeters of mercury. The potential measurements were made with a 
specially designed electrostatic voltmeter of a construction similar to that used 
by Miiller. 

Sparks of this kind in highly exhausted tubes have been observed by others. 
but we are not aware of any prior attempts to determine the potentials required 
to produce them. These were found to show interesting fatigue effects, the 
initial discharge potential rising from, say 30,000 volts per millimeter to 
100,000 with continued sparking, as though the spark potential depended upon 
a surface condition. After the spark potentials had been increased by con- 
tinuous sparking from say 30,000 to 120,000 volts per millimeter, if the elec- 
trodes were allowed to stand, the spark potential would fall in the course of 
twenty-four hours to about the initial value. Reversal of the electrodes 
would also produce a large change in the spark potential. 

In connection with this study of spark potentials it occurred ot one of us that 
since the difficulties in the pushing of the spectra into the extreme regions of 
the ultra-violet arose in practically all cases from the absorption of very short 
wave-length radiations either in fluorite windows or in the residual gases of the 
vacuum spectrometer,” it might be possible by building aQacuum spectrometer 
designed specially for the study of the spectra of these hot sparks in the ex- 
treme ultra-violet, to increase considerably our knowledge of the spectra 

1 Abstract of paper presented at the New York meeting, American Physical Society, 
April 27, 1918. 

2 Lyman, Spectroscopy of the Ultra Violet, Astrophysical Journal, 43, 89, ro16. 
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emitted by different metals in this region. Accordingly, in 1915 one of the 
writers designed and had built in the Ryerson Laboratory a vacuum spectro- 
meter, as shown in Fig. 1. The grating was specially constructed for the 
purpose by Mr. Fred Pearson at Professor Michelson’s request. It was a 
4-inch concave, 512 lines per millimeter, focal-length of 89 cm. The exhaus- 
tion was accomplished at first by a Gaede molecular pump and later and more 
successfully by a mercury vapor pump of the kind designed by Dr. H. D. 
Arnold and used by the Western Electric Company in the exhaustion of their 
audion bulbs. The first photographs which were taken revealed many lines 
in the fine spectrum which had not been discovered before, some of them below 
1000 Angstréms. 

On account of the absorption of one of the writers in war duties, the later 
work upon the problem and the overcoming of the difficulties arising from the 
fogging of the photographic plate have been the task of the other of the writers. 
This fogging of the plate was due to the brilliancy of the spark and the leaking 
of the light past the diaphragm which had been arranged to intercept it. 
(See Fig. 1.). This diaphragm completely filled the brass cylinder 15 cm. in 


Fig: / 


A, Grating; B, Plate; C, Diaphragm; D, Electrodes, represented symbolically; E, Slit; 
F, Gauze; G, Separate Grounds; H, Insulation for leak from gauze to Ground; J, Windows 
in end Plates; K, Connection to pump; L, Sleeve to keep scattered light from plates; Shutter 
not shown in figure was between slit and Gauze. 


diameter and 10 cm. long, which constituted the case of the spectrometer. 
The slit was in one side of this diaphragm and the spark gap just behind it. 
The plate holder was carried on the diaphragm, the grating of course being at 
the other end of the tube. (See Fig. 1.) The vacuum was so high that sparks 
would at first pass without producing a glow, but with continued sparking the 
glow would appear and the plate become fogged. Various diaphragms and 
shields failed to reduce it sufficiently. It was suggested by Dr. A. J. Dempster, 
of the University of Chicago, that he had seen similar glow effects in vacua 
checked by two gauzegclose together and grounded separately. In accordance 
with this suggestion, it was arranged to use the diaphragm containing the slit 
as one screen and a gauze about a millimeter from it and grounded by a 
separate connection, as the other. (See Fig. 1.) A very great diminution of 
glow resulted and the desired spectrum became at once obtainable. 

While a complete investigation of the spectra of this type of source has not 
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Zinc. 
91.0 mm. 2138 Standard Ames 
89.1 2099 Standard Cornu 
88.6 2082 
88.4 2077 2073.7 Cornu 
87.8 2064 2061.3 Cornu 
86.6 2035 
86.3 2025 Standard Cornu 
85.0 1998 
84.3 1981 1982.7 Handke 
83.5 1962 1965.3 Handke 
83.0 1950 1953.1 Handke 
82.0 1927 1931.2 Handke 
81.5 1915 1919.9; 1915.9 Handke 
80.4 1889 1886.1 Handke 
79.5 1868 1868.5; 1866.9; 1864.6 Handke 
79.0 1856 
78.0 1833 1836.6; 1834; 1832 Handke 
76.3 1793 1795.5; 1794; 1791.3 Handke 
75.0 1763 | 
74.2 1745 | 1748.3; 1746.3; 1743.6 Handke 
vane 1734 | 1736.5 Handke 
72.5 1704 1707 Handke 
71.6 1683 
70.8 1665 | 
70.0 1645 | 1647 Handke 
69.7 1640 | 1642 Handke 
69.5 1633 | 
69.0 1621 | 
67.8 1593 | 1589.8 Wolff 
67.0 1574 | 
66.0 1551 
64.4 | 1513 | 
63.4 1490 | 1486 Wolff 
62.5 | 1469 | 
61.8 | 1452 | 
61.2 1438 | 
60.8 1429 | 
59.0 1386 | 
58.5 1375 1376.9 Wolff 
57.5 | 1351 | 
56.8 | 1335 | 
56.1 | 1318 
55.4 1302 
54.5 | 1281 
53.5 1257 
53.0 | 1246 
52.5 | 1234 
52.0 | 1222 
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Zinc——continued 


mange Wave-length. Comparison. 
50.8 mm. 1194 
50.0 1175 
49.5 1163 
47.2 1109 
43.3 | 1018 
42.5 999 
42.0 987 
41.2 968 
39.5 928 


yet been made, it seems advisable to present a preliminary report. Zinc spectra 
have been obtained which show about 50 lines in the region between 2,100 and 
goo Angstrém units, the shortest wave-length obtained being 928 Angstrém 
units. The lines recorded in the table have all been measured on at least two 
plates. There is some indication of even shorter wave-lengths, though no 
positive proof as yet. It is impossible to get the whole plate in focus at once 
and the shortest lines are so blurred that exact measurements upon them have 
thus far been difficult. As shown in the accompanying table the measure- 
ments which have been made on lines heretofore published check as closely as 
could be expected with the zinc wave-lengths given by Handke and extending 
down to 1,632.9 Angstrém units and those published by Wolff extending to 
1,376.87. The shortest line ever published on the zinc spectrum was 1,099.6 
by Saunders,! and the shortest for any metal was 977.9 by Saunders for 
calcium. Incomplete experiments with aluminum and iron as electrodes give 
promise of results as good as those with zinc. Comparison of the spectra of 
different metals seems to show that the shorter lines are not due to occluded 
gases in the metals, but are rather characteristic of the metals themselves. 


1 Astrophysical Journal 43, 234, 1916. 
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THE CUTLER-HAMMER Co. 
ELECTRIC CONTROLLING DEVICES 
MILWAUKEE, WIs. 


W. G. PYE & Cco., 


GALVANOMETERS 


POINTER TYPE 
In the design of these instruments we have given careful attention to strength of suspension, ease of repairing 
and ease of levelling. The system isa light moving coil, ‘‘ spring ’’ suspended on phosphor bronze. An auto- 
matic lifting arrangement clamps the coil when the instrument is and a safety stop is provided to prevent 
overtwisting the suspension, The case is of a tough aluminium alloy. 


Prices quoted upon Application 1 
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candles) is: 


At1lm.c. . 
At 50 . 
At 500 m.c. 


GRAPHITE-SELENIUM CELLS 


Fournier d’Albe’s Pattern 


Great Stability and High Efficiency 


With a sensitive selenium surface of 5 sq. cm. 
and a voltage of 20, the additional current 
obtainable at various illuminations (in metre- 


14 milliamp 
1 


For particulars and prices apply to the SOLE AGENTS 


JOHN GRIFFIN SONS 


Makers of Physical, Electrical & Scientific Instruments 


KEMBLE ST. KINGSWAY LONDON, W. C. 


CRIFFIN 2. 


< 


Gambrells’ Patent 
“Independent” 
Plug Contact 


For Resistance Boxes, 
Wheatstone Bridges, 
Switches, etc., etc. 


In use by H. M. Government, 
Leading Telegraph Companies, 
Cable Manufacturers, Electricity 
Works, etc., etc. 


The only Resistance Box contact 
with plugs entirely independent of 
each other. One standard size, all 
plug caps interchangeable, inde- 
pendent of type of instrument. 
Large surface contact. No plug 
heads to give trouble. High insu- 
lation, each unit self assembling. 
Can be more quickly used. 


GAMBRELL BROS., Ltd. 


Makers of Galvanometers, Resistance Boxes, Potentiometers, etc. 
Head Office and Works, MERTON ROAD, SOUTHFIELDS, LONDON, ENGLAND 
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A LIST OF ENGINEERING BOOKS 


Did you know that we publish a list of Engineering 
books in Mechanical, Civil and Electrical Engineer- 
ing, also on Architecture. You may not want to 
buy now but you may find in the list books that 
you will need. Write for a copy and keep it on 
hand. 


WHY HAVE CROSS SECTION PAPER 


Cross Section Paper shows the result of a large 
mass of figures in a very quick way. Still you 
will want to have accurate Cross Section paper so 
that when you make comparison of different curves 
their value may be more readily taken into ac. 
count. Write for a copy of the Cross Section 
sample book. It shows actual samples of paper 
and printing. 


Cornell Co-operative Society 
Morrill Hall Ithaca, New York 


New Canal 
Ray Tubes 


Designed by Prof. Chas. T. { 
Knipp and Dr. Jakob Kunz 
of the University of Illinois (See 
Phys. Rev., Vol. XXIV, Mar., | 
1912; Science Abstracts, Vol. 

IX, Mar. 25, 1916.) 

Phenomena made Visible : 
(t) The falling of the positive 
rays toward and through the 
hollow cathode. (2) The greenish gray color of the ca- 
thode rays streaming through one bulb. (3) The orange 


red color of the positive rays streaming through the op- No. F3101 
posite bulb. (4) The origin of the positive rays at the With charcoal bulb for 
edge of the Crookes dark space in front of the cathode. adjustment of vacuum 
(5) The deflection of the negative beam by means of a 4 by means of liquid air. 
magnet, showing conclusively that it is made up of elec- ‘ No. F3102 
trons. (6) The very slight deflection of the positive ray, Wit 
and in the opposite sense to that of the negative ray. (7) }- fully adjusted to give 
The heating effect of the rays where they strike the ends f best results. 

of the tube. (8) The fluorescence, under the bombard- r Either Style 
ment of the rays, of the different kinds of glass of which 

the tubes are made. Net, $25.00 


Send for Bulletin No. 19P on Laboratory Rheostats 


CENTRAL SCIENTIFIC COMPANY 
460 East Ohio Street CHICAGO, U. S. A. 
: (Lake Shore Drive, Ohio and Ontario Streets) 
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GRAPHITE-SELENIUM CELLS 


| Fournier d’Albe’s Pattern 


Great Stability and High Efficiency 


With a sensitive selenium surface of 5 sq. cm. 
and a voltage of 20, the additional current 
obtainable at various illuminations (in metre. 
candles) is: 


Atilm.c. . . . milliamp 
At50m.c.... 1 
At500m.c. . . 2 


For particulars and prices apply to the SOLE AGENTS 


JOHN GRIFFIN SONS 


Makers of Physical, Electrical & Scientific Instruments 


KEMBLE ST. KINGSWAY LONDON, W. C. 


} Gambrells’ Patent In use by H. M. Government, 
| “Independent” Leading Telegraph Companies, 
| Plue Contact Cable Manufacturers, Electricity 
i § Lontac Works, etc., etc. 

F | For Resistance Boxes, 

Wheatstone Bridges, 

bi Switches, etc., etc. The only Resistance Box contact 


with plugs entirely independent of 
each other. One standard size, all 
plug caps interchangeable, inde- 
fa pendent of type of instrument. 
‘Ti & Large surface contact. No plug 
heads to give trouble. High insu- 
lation, each unit self assembling. 
Can be more quickly used. 


i GAMBRELL BROS., Ltd. 
} Makers of Galvanometers, Resistance Boxes, Potentiometers, etc. 
| Head Office and Works, MERTON ROAD. SOUTHFIELDS, LONDON, ENGLAND 
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A LIST OF ENGINEERING BOOKS 


Did you know that we publish a list of Engineering 
books in Mechanical, Civil and Electrical Engineer- 
ing, also on Architecture. You may not want to 
buy now but you may find in the list books that 
you will need. Write for a copy and keep it on 
hand. 


WHY HAVE CROSS SECTION PAPER 


Cross Section Paper shows the result of a large 
mass of figures in a very quick way. Still you 
will want to have accurate Cross Section paper so 
that when you make comparison of different curves 
their value may be more readily taken into ac. 
count. Write for a copy of the Cross Section 
sample book. It shows actual samples of paper 
and printing. 


Cornell Co-operative Society 
Morrill Hall Ithaca, New York 


New Canal 
Ray Tubes 


Designed by Prof. Chas. T. { 
Knipp and Dr. Jakob Kunz [Bj 
of the University of Illinois (See (iW: 
Phys. Rev., Vol. XXIV, Mar., | 
1912; Science Abstracts, Vol. 

IX, Mar. 25, 1916.) 


Phenomena made Visible : 
(1) The falling of the positive 
rays toward and through the 
hollow cathode. (2) The greenish gray color of the ca- 


thode rays streaming through one bulb. (3) The orange { 

red color of the positive rays streaming through the op- No. F3101 
posite bulb. (4) The origin of the positive rays at the With charcoal bulb for 
edge of the Crookes dark space in front of the cathode. adjustment of vacuum 
(5) The deflection of the negative beam by means of a by means of liquid air. 
magnet, showing conclusively that it is made up of elec- € No. F3102 
trons. (6) The very slight deflection of the positive ray, a With Gacd wenn ee 
and in the opposite sense to that of the negative ray. (7) }- fully adjusted to give 
The heating effect of the rays where they strike the ends t best results. 

of the tube. (8) The fluorescence, under the bombard- f Either Style 


ment of the rays, of the different kinds of glass of which 
- the tubes are made. Net, $25.00 


Send for Bulletin No. 19P on Laboratory Rheostats 


CENTRAL SCIENTIFIC COMPANY 
460 East Ohio Street CHICAGO, U. S. A. 
° (Lake Shore Drive, Ohio and Ontario Streets) 
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MORSE TWIST DRILL New Bedford, | 
& MACHINE COMPANY Mass. _. 
Makers of Twist Drills, Reamers, Cutters, Etc. ce 
TOOLS THAT PROVE THEIR WORTH. 


SPECIALTIES 


High Grade Measuring 


Instruments to cover 4 | 2a 
all requirements 


Laboratoryand demon- ‘ 


stration apparatus for 
advanced and ele- 
, mentary work 


Full line Calorimeters 
Universal Laboratory 
Supports 


Genera! Laboratory 
Laboratory Spectrometers Supplies 


WM. GAERTNER & CO., 5345-49 Lake Park Ave., Chicago 


he Langmuir Condensation Pump 


Dr. Irving Langmuir (of the General Electric Com- 
pany) has developed an exceedingly interesting and valu- 
able high-speed, high-vacuum pump; and by special 
arrangement with the makers, we are acting as sole dis- 
tributors of this device for laboratory purposes. 

As shown in accompanying illustration, the pump is 
manufactured entirely of metal; and thus is far more perma- 
nent in character than would be possible if glass were used. 


Connections are provided for water cooling; and 
beneath the pump isa small electric heater (terminals not 
shown in picture) forattachment to110 volt lighting circuit. 
With the Langmuir Pump pressures as low as 10-5 bar ° 
have been obtained, and there is little doubt that er 
much lower pressures can be produced by cooling the bul 
to be exhausted, in liquid air, so as to decrease the rate 
at which gases escape from the walls. a, 
As is known to physicists, one ‘‘bar’’ is equal to a 
0.00075 mm. of mercury. 3 
Some type of primary pump must be used; capable of e 
developing vacuum not less than 0.1-0.15 mm. of mercury. b 
In the December 1916 issue of General Electric Review, ne 
Dr. Langmuir published a paper entitled—‘‘The Conden- ie 2 
sation Pump, an Improved Form of High-Vacuum Pump.’’ = 
It should be read by all scientists who are interested in aa 
high-vacuum work. Write for a copy. 


$90.00 is the net price for a Langmuir Condensation Pump 


JAMES G. BIDDLE PHILADELPHIA ' 


1211-13 Arch St. 
3 . Be sure to visit our Permanent Exhibit of Scientific Instruments 


| 
for Thermometers 
$1.80 
a 
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From the Research Laboratory 


of the 
General Electric Company 


BOROFLUX 


Admirably suited as a deoxidizer for producing mechanically 
sound cast copper of high electrical conductivity. Green and 
dry sand, or metal molds can be used to cast copper which 
has been deoxidized by this flux. 

The operation of Boroflux lies in the fact that the 
gaseous impurities in molten copper have a greater affinity 
for boron, while the latter will not alloy with the copper. It 
is easily possible to obtain copper with 90 per cent. con- 
ductivity by using this flux, and under careful manipulation, 


95 per cent. 


CALORIZING 


This process consists of a heat treatment of iron, steel, copper, 
brasses, or bronzes with an aluminum powder mixture. The 
surface affected is made very resistant against oxidation at 
high temperatures, and also considerably harder. 

Calorized iron can be operated up to 1000 deg. C. (1832 
deg. F.) without deterioration. Gases which act on un- 
treated iron and steel are harmless where the metals are 
calorized. 


KENETRON 


This is a hot cathode rectifier consisting of two electrodes in 
an exhaust bulb, one electrode being heated from an exter- 
nal source. The Kenetron is suitable for use as a rectifier in 
the precipitation of smoke, dust, fumes, etc. 

The largest size of Kenetron will rectify voltages up to 
100,000 peak value and has a maximum current capacity of 
100 milliamperes. 


GENERAL ELECTRIC COMPANY 


General Office (96) SCHENECTADY, N. Y. 


SALES OFFICES IN ALL LARGE CITIES 95-43 
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